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EFFECT OF NUCLEAR RADIATION AT CRYOGENIC TEMPERATURES 

ON THE TENSILE PROPERTIES OF TITANIUM AND 

TITANIUM-BASE ALLOYS 

by Charles L. Younger and Fred A. Haley 

Lewis Research Center 

SUMMARY 

An experimental investigation of the effect of reactor irradiation at 17 K on the ten- 

The purpose of this investigation w a s  t o  determine the fluence 
sile properties of titanium and titanium-base alloys has been conducted at the Plum 
Brook Reactor Facility. 
following which changes in tensile properties become significant. 

6 aluminum - 4 vanadium, and titanium - 8 aluminum - 1 molybdenum - 1 vanadium were 
exposed to  irradiations up to  10X1017 neutrons per  square centimeter (neutron energy 
greater  than 0 . 5  MeV (80 femtojoule). Test specimens w e r e  exposed to reactor irradia- 
tion and then tensile tested in tes t  loops which maintained specimen temperature a t  17 K 
throughout irradiation exposure and tensile testing. 

strengths and slight decreases  in ductility. 
occurs near lX1017 neutrons per  square centimeter and var ies  with the alloy. 
thresholds for titanium - 6 aluminum - 4 vanadium and titanium - 8 aluminum - 
1 molybdenum - 1 vanadium alloys are less than lX1017 neutrons per  square centimeter. 
Commercially pure titanium and titanium - 5 aluminum - 2. 5 tin alloy exhibited the 
threshold after lX1017 neutrons per square centimeter. 

tent and/or heat-treated condition. 
the materials'  variability following irradiation. 
greater  the variability following irradiation. 

Thermal treatments following irradiation at  17 K of commercially pure titanium 
show that about 50 percent of the irradiation damage to  the yield strength is recovered by 
an  intermediate warming to  178 K. 
78 K and indicates additional recovery in the 78 to  178 K range. 

Commercially pure titanium, titanium - 5 aluminum - 2. 5 tin, titanium - 

Following irradiation, all tes t  materials show increases in yield and ultimate tensile 
The threshold for irradiation damage at 17 K 

The 

Results also indicate that the irradiation effect may be independent of impurity con- 
Impurity content does, however, appear to  influence 

The higher the impurity content, the 

The ultimate strength shows 50-percent recovery at 



1 NTROD UCTl ON 

The titanium-base alloys are finding wide acceptance for use  at liquid hydrogen tem- 
perature (20 K). These alloys are a l so  candidate mater ia ls  for nuclear rocket applica- 
tions where the nuclear environment is imposed on a structural  material  which is at the 
cryogenic temperature. 

temperature is now fairly we l l  established (e. g. , ref. 1). In general, most titanium- 
base alloys experience a marked decrease in elongation and reduction of area as the tem- 
perature is reduced to  20 K. At temperatures below about 78 K, only a few alloys exper- 
ience plastic deformation prior to failure. 

In 1956, Makin and Minter (ref. 2) published resul ts  showing that cryogenic temper- 
a tures  accelerate the onset of brittle behavior for irradiated commercially pure titanium 
(CP Ti). These researchers  exposed w i r e  specimens of C P  Ti t o  a fast neutron fluence 
of 5. lX1019 neutrons per  square centimeter at 373 K and then performed tensile tes t s  a t  
various temperatures in the range from 78 to  473 K. 
elongation of unirradiated material  w a s  the same, 10. 5 percent. Corresponding tes ts  
on irradiated material  showed 8.3-percent elongation a t  293 K and 4.8-percent elonga- 
tion at 195 K. At 78 K, both unirradiated and irradiated specimens were brit t le which 
precludes determination of the effect of irradiation on ductility. 

To further investigate the effect of nuclear irradiation on embrittlement of titanium 
and titanium alloys at cryogenic temperature, an experimental program w a s  undertaken 
a t  NASA's Plum Brook Reactor Facility. Test  mater ia ls  included in the program were 
selected to  be representative of the various titanium-base alloys suitable for use a t  
cryogenic temperatures. 
capable of maintaining the tes t  specimen at  17 K throughout irradiation exposure and 
postirradiation tensile testing. 
the radiation damage threshold - that is, the fluence at which changes in tensile proper- 
t i es  first become significant for each alloy - and to  investigate the effects of impurities 
and heat treatment on this threshold. 

The tensile behavior of the various titanium-base alloys as a function of cryogenic 

For  tests at 293 and 195 K, the 

Tests  were conducted using specially designed tes t  equipment 

The objectives of this test  program were to determine 

TEST MATERIALS 

Test materials were C P  Ti  in the annealed condition, titanium - 5 aluminum - 
2. 5 tin (Ti-5A1-2.5Sn) with normal impurity (NI) content in the annealed condition, 
Ti-5A1-2. 5Sn with extra low impurity (ELI) content in the annealed condition, titanium - 
6 aluminum - 4 vanadium (Ti-6A1-4V) in both annealed and age-hardened (aged) condi- 
tions, and titanium - 8 aluminum - 1 molybdenum - 1 vanadium (Ti-8A1-1Mo-1V) in the 
duplex annealed condition. Material compositions, actual analyses on as-received bars, 
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TABLE I. - CHEMICAL COMPOSITION AND FABRICATION HISTORY OF TEST MATERIALS 

V 

Test material 

3. 90 

1. 14 

Commercially pure titanium 
Titanium - 5 aluminum - 

2. 5 tin, NI 

2. 5 tin, ELI 

4 vanadium 

4 vanadium 

1 molybdenum - 
1 vanadium 

Titanium - 5 aluminum - 

Titanium - 6 aluminum - 

Titanium - 6 aluminum - 

Titanium - 8 aluminum - 

_ _ _ _  

1.00 

Temper 

Annealed 
Annealed 

Annealed 

Annealed 

Aged 

Duplex 
an- 
nealed 

- 
Heat 
reat- 
nenta ritanium 4 lumi num 

---- 
5. lo  

5. 36 

5.95 

5. 80 

8.02 

b Chemical composition by weight percent 

Vanadium Molybdenum 

aHeat treatment: 
A - Annealed at  978 K for 2 hr,  air cooled. 
B - Annealed a t  1033 K for 2 hr, a i r  cooled. 
C - Solution treated at 1214 K for 0. 5 hr, water quenched; aged at 811 K for 4 hr ,  a i r  cooled. 
D - Annealed a t  1172 K for 1 hr, air cooled; annealed a t  867 K for 8 hr,  air cooled. 

bActual analyses on as-received bar. 

- 
.ran 

.190 

. 110 

.025 

. 170 

. 150 

. 120 

3arbon 

0.032 
.032 

.022 

. 010 

.010 

.030 

Yitrogen 

0.023 
.019 

.010 

.022 

.035 

.013 

3xygen 

0.218 
. 116 

.059 

.065 

. 102 

.091  

Hydrogen 

0.006 
.012 

.006 

.006 

.010 

.009 

w 



are given in  table I. 
All test materials were obtained as 0. 5-inch- (1.27-cm-) diameter round bar  stock. 

Stock materials were prepared by consumable electrode vacuum a r c  melting, forging to  
1.5-inch (3.81-cm) square bar  at 1200 to  1422 K, rolling to 0.5-inch- (1.27-cm-) diam- 
eter  round bar at 978 t o  1256 K, and then heat treating. Heat treatments for each test 
mater ia l  are given in table I. 

TEST PROCEDURES 

Tensile test data were obtained using miniature round tension tes t  specimens and 
specially designed test equipment installed at the Plum Brook Reactor Facility. The pro- 
gram w a s  conducted, as nearly as feasible, in accordance with the provisions of ASTM 
Standards E199 (ref. 3), E8 (ref. 4), and E184 (ref. 5). 

Test Specimens 

The tensile tes t  specimen (fig. 1) w a s  a geometrically similar miniaturization of the 

Diameter, 
Radius, 0.125 Gage mark 7\ 0.125 

\ (0.3175) \\(O. 3175) 

t 
0.375 

T!? 

L 

0.500 J 1 (1.2700) 

0.875 (2.2225) 4 
2. coo (5.0830)- -1 -, 

CD-10485-17 

Figure 1. - M i n i a t u r e  round tensi le test specimen. All dimensions are in inches (cm). 
t 

1 I 
t 
3: 

B 
a r d  ASTM specimen. 4 

i 
s 

standard 0.5-inch (1.27-cm) round tension specimen of ASTM E8 (ref. 4). This specimen 
had a gage uniform section of 0. 125-inch (0.3175-cm) diameter by 0. 875-inch (2. 2225-cm) 
length. Gage marks  were inscribed by light sandblasting to delineate a 0.500-inch 
(1.27-cm) gage length. Ratios of significant dimensions were the same as for the stand- 

L 

I r 

i 
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Test Equipment 

Irradiations were conducted with the test  specimen positioned adjacent to  the beryl- 
lium reflector of the reactor core. Access to the irradiation zone w a s  through a hori- 
zontal beam hole (HB-2) located approximately 20 feet  (6. 1 m) below the surface of a pool 
of demineralized water .  Figure 2 shows the major components of the test equipment. 
The test  machine w a s  incorporated into a test loop having a 6-inch (15.24-cm) outside 
diameter and about a 9-foot (2.7-m) length. This loop also contained equipment neces- 
s a ry  for precise temperature control and fracture of the specimen at temperature without 
removal from the irradiation field. 
which, along with tables capable of translation and rotation, provided the means for test 

The test  loop w a s  securely attached to  a carriage 

Refrigeration manifold 7 
fl- 

Elevation, 0 (01 - 

Man i pu lato r7 

Elevation, 
-25 (-7.72) - 

I 
table 2y South t rans-  Hydraul ic 

North t rans-  fer table operated 
fer table valve (typical) 

CO-10486-11 

Figure 2. -Cryogenic i r radiat ion test equipment., All dimensions are  in feet (m).  

loop insertion, retraction, translation, and rotation operations between a hot cave and 
the irradiation field. 
mitted continuous utilization of the neutron environment and did not require reactor shut- 
down fo r  specimen replacement in the test  loops. 

The tes t  loop body (fig. 3) contained a horizontally placed 5000-pound (22 241-N) ca- 
pacity tes t  machine together with the necessary load actuation components, s t ress-s t ra in  
monitoring instrumentation, and vacuum insulated refrigerant transfer lines. The for- 
ward section, o r  head assembly, served both as a fixed crosshead of the test machine 

Two test  loops and the ancillary equipment shown in figure 2 per- 
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r 
6 in. 

(15.2 cm) 

Hydraulic lines, 1 Refrigerant l ines 

/I 
I !  ,T Hydraulic cylinder ,r Liner assembly 

4 Refrigerant l ines 

Vacuum-jacketed refrigerant lines-,, Coolant in le t  

Hydraulic cylinder l ines ' 8  111 7 77\77 Section C-C Section B-B l ines Section A-A 

Coolant Coolant 

I LlllU LVI I I ICLLVI  

/ / 
- 

Instrumentation 3 n A  rnnnnr+nr leads r - I  I Load dynamometer Alinement bushingJ' J/'' - 1  .'\, 1 

m 108 in. (277.9 cm) c 

CD-10487-22 
Figure 3. -Cryogenic irradiation test loop. 

assembly 

-Vacuum jacket 



and a cryostat for temperature control. The head assembly w a s  removable by remote 
handling methods to allow specimen change. Alinement studies showed no significant 
bending moments due to the horizontal attitude of the test  machine. A detailed discussion 
of the design features of the tes t  loop has been reported elsewhere (refs. 6 and 7). 

The load applied to the test  specimen w a s  monitored by a proving ring type dyna- 
mometer using a linear variable differential transformer (LVDT) to measure the ring 
deflection resulting from loading. Dynamometers in each test  loop were calibrated to 
within 2 percent of a National Bureau of Standards certified reed type proving ring. 

Strain w a s  measured using an extensometer which measured the increase of the sep- 
aration between two knife edges initially 0. 5-inch (1.27-cm) apart. 
w a s  accomplished through the use of a LVDT specially constructed to be resistant to ra- 
diation effects. This extensometer had a range of reliable accuracy of approximately 
0.010 inch (0.025 cm), which w a s  sufficient to  record s t ra ins  to  well beyond the yield 
strength (0.2 percent offset method). 
ASTM Specification E83 (ref. 8) and the e r r o r  in indicated strain w a s  less  than 0.0001. 
Installation of the extensometer by remote means, however, introduces the possibility 
for  increased e r ro r  in the indicated strain. 

The measurement 

The extensometer w a s  verified in accordance with 

An X-Y recorder w a s  employed to automatically plot the load-strain curve to approx- 
imately 0.02 total strain. 
load-time curve through fracture w a s  obtained. 

The X-axis recorder w a s  then switched t o  time travel and a 

Test Specimen Temperature Contro l  

Temperature control of the test  specimen w a s  achieved with a closed cycle refriger- 

The de- 
ation system in which helium gas w a s  continuously circulated. 
mum refrigeration capacity of 1100 watts when operating for 17 K refrigeration. 
sign features of this refrigerator have been reported elsewhere (ref. 9) and a r e  not re- 
peated here, except to note a few important features. Figure 4 is a schematic diagram 
of the system. Refrigeration w a s  accomplished by expansion engines from which the 
cold helium gas w a s  discharged into a refrigeration manifold for use in test  loop temper- 
a ture  control. From the manifold, the cold helium gas w a s  routed through the test  loops 
at a rate  controlled by the readings of platinum resistance thermometers located in the 
inlet and return legs of the manifold transfer line connections. 

Direct measurement of the specimen temperature w a s  not feasible s o  the platinum 
resistance thermometers were calibrated to  provide test  specimen temperature control. 
This w a s  accomplished by using a typical specimen of titanium with thermocouples at- 
tached to  the midpoint and each end of the gage length. The instrumented specimen w a s  
calibrated to serve as a working standard using a platinum resistance bulb calibrated by 
the National Bureau of Standards. After calibration, this specimen w a s  installed in the 

This system had a maxi- 
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Charcoal f i l ter  

exchanger 
Return manifold 

Expansion 
tank 

Fume f i l ter  

Rough o i l  separator 

Aftercooler 

Second stage compressor 

Intercooler 

First stage compressor 

t - 

'L Plat inum resistance 
thermometers 

-Transfer l ines 

Test loop Temperatu re-entropy 
(T-S) diagram of 

T 

16.7 K 

I 
S 

1. High pressure heat exchanger in le t  
2. High pressure heat exchanger discharge 
2-3. Temperature drop through engines 
4. Low pressure heat exchanger in le t  
5. Low pressure heat exchanger discharge 

CD-10488-11 

Figure 4. - Schematic o f  refr igeration system. 

normal test position in a test  loop. 
thermometers were taken which corresponded to specimen temperature under both out-of- 
pile and in-pile steady-state conditions as measured by the instrumented specimen. 
correction constants determined for the platinum resistance thermometers were used 
during test  program performance to maintain the specimen temperature within *O. 5 K. 

Readings of the inlet and outlet platinum resistance 

The 

Measurement of Neutron Environment 

The fast  neutron spectrum in the test  location in HB-2 w a s  determined using foil 
measurement techniques. Sets of foils, as shown in table 11, were placed in an aluminum 
foil holder which w a s  then installed in a test  loop at  the test specimen location. The loop 
w a s  inserted into HB-2 and irradiated for 1800 seconds during full power reactor opera- 
tion. Following irradiation, the foils were counted and evaluated by standard techniques. 
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TABLE II. - FOILS USED FOR SPECTRAL MEASUREMENTS O F  FAST 

NEUTRON FLUENCE I N  HB-2 

Type of foil 

Indium 
Neptunium 
Uranium 
Thorium 
Sulfur 
Nickel 
Magnesium 
Aluminumb 
Aluminum 

Threshold energy C r o s s  section, Nuclear reaction ‘+I cm 2 

In115 (neutron, neutron) In115m 0.45 72 0 . 2 0 ~ 1 0 - ~ ~  

Th232 (neutron, fission) Ba 1.75 280 a. 10 

. 7 5  120 1. 52 
1.45 232 .54  

2.9 464 .284 
5 .0  800 1.67 
6 . 3  1008 .0715 
8. 1 1296 . 110 
8 .6  1376 . 2 3  

Np237 (neutron, fission) Ba  140 
U238 (neutron, fission) Ba 

32 32 S (neutron, proton) P 
Ni58 (neutron, proton) Co 58 

Mg24 (neutron, proton) Na 24 
A127 (neutron, alpha) Na 24 

27 24 A1 (neutron, alpha) Na 

140 

1.0- 

.9- 

. a -  

- .7- 
5 
I 

d . 6 -  
L n  

A 
m u 
m 
- = . 5 -  v > 
A 

c m 3 

Y 

J . 4 -  

- 
5 

. 3 -  

. 2  

0 

I Range of measurements 

- 

.l- 

Neutron energy, MeV 

I 1- 
600 800 1000 1200 

I 
m 

I 
200 

Neutron energy, fJ 

Figure 5. - Ratio of fluence greater than E to fluence greater than 0.5 MeV 
I80 fJ) .  

9 



From these data and the reactor operating conditions at the t ime of foil exposure, the fast 
neutron fluence, with energy greater than 0 .5  MeV, (E > 0 .5  MeV (80 fJ))  was deter- 
mined. 

The preceeding procedure w a s  repeated periodically throughout the life of a reactor 
power cycle in order to  determine the variation in  neutron flux with control rod position. 
During test  program performance the exposure ra te  for test  specimens varied from about 
2.0xlO 
The rat io  of the fluence with neutron energies greater  than E to the fluences with ener- 
gies greater  than 0. 5 MeV (80 f J )  is given in figure 5. This figure is based on 27 se t s  of 
foils irradiated during the tes t  program. 

12 to  2. 5X1012 neutrons per square centimeter per second, E > 0. 5 MeV (80 fJ). 

Data Acquis i t ion 

Performance of the data acquisition phase of the test  program can readily be followed 
by reference to  figure 2. In a typical testing sequence, a test  loop w a s  inserted into the 
hot cave for specimen installation. After specimen installation, the loop w a s  withdrawn 
from the hot cave to  the north table in quandrant "D". Refrigerant flow w a s  started and 
the table holding the loop w a s  rotated 180'. The loop w a s  then transferred to  the south 
table and positioned in-line with HB-2 and, after stabilization of specimen temperature a t  
17 K, inserted into HB-2. The loop w a s  held at this position with the specimen main- 
tained at 17 K until the accumulated fast  neutron fluence w a s  attained. The time for this 
operation varied from 10 to  140 hours, depending on the desired fluence. When the spec- 
imen had accumulated the required fast neutron fluence, the tes t  loop w a s  retracted ap- 
proximately 4 feet (I. 2 m) and then an axial tensile load w a s  applied to  the specimen. 
During elastic behavior, the tensile load w a s  applied at a strain rate which did not exceed 
2 . 5 ~ 1 0 - ~  per second. After specimen failure, the loop w a s  returned to the hot cave for 
specimen replacement. 

For some tests,  the specimens were thermally treated following accumulation of the 
fast neutron fluence and prior to  tensile load application. The thermal treatments con- 
sisted of either a warming operation or  an annealing operation. For the warming opera- 
tion, the test  specimen temperature w a s  raised from 17 K to  either 78 or 178 K, held at 
temperature for 1 hour, and then fractured. 
the same procedure with the exception that following 1 hour at the annealing temperature, 
the specimen w a s  recooled to  and held for 1 hour at  17 K pr ior  to application of the ten- 
si le load. 

After removal of the specimen from the test loop, the fractured gage length and min- 
imum diameter were measured. The broken halves of the test  specimens were fit to- 
gether and measurements were obtained by means of a micrometer stage and hairline ap- 
paratus accurate to a. 0001 inch (0.00025 cm). 

10 
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Unirradiated control tes t s  were conducted in a test  loop under the same conditions as 

For each of the test  materials included in the prcgram, at least three specimens 
their irradiated counterparts. 

were tested for each exposure condition. 

Data Reduction and Analysis 

The load-strain/load-time curve developed by the X-Y recorder during testing and 
the initial specimen dimensions provided data for  the determination of the ultimate tensile 
strength and the tensile yield strength (0. 2-percent offset method). The modulus of elas- 
ticity w a s  a lso approximated from these curves. Elongation and reduction of area values 
were calculated from the original specimen dimension and the dimensions following frac-  
ture. 

The test  data were compiled and subjected to statistical analysis in accordance with 
methods 1-6, 2-1.4. 1, 3-3. 1 . 2 ,  and 4-2. 1 given by Natrella (ref. 10). These analyses 
included determination of average values and estimated standard deviations for each ma- 
ter ia l  and test  condition; determinion of the differences between values for irradiated and 
unirradiated test  conditions, the 95-percent confidence interval associated with these dif- 
ferences; and estimation of the difference in variability following irradiation. 
dence intervals were not calculated for the differences in variability since the number of 
test  specimens used per test  condition w a s  small. 

Confi- 

DISCUSSION OF TEST RESULTS 

Tensile test data obtained during performance of the program a r e  compiled in tables 
VI to XIII of the appendix. These tables contain individual test specimen values, average 
values and estimated standard deviation for each test condition, and the statistical analy- 
s e s  of differences in the average values and the variability. 
interval for each difference is also included in the tables. 
now discussed according to  individual alloy. 

The 95-percent confidence 
The test  results obtained a r e  

Commercial ly Pu re  T i tan ium 

Some C P  T i  w a s  employed at test  material  for investigating the synergistic effect of 
reactor irradiation and cryogenic temperature on the tensile properties. The objective 
of this investigation w a s  to  determine the radiation damage threshold - that is, the fluence 
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Figure 6. - Effect of reactor irradiation at 17 K on  17 K tensi le properties uf commercially pure  t i tanium. 
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level at which significant changes in tensile properties first occurred - and t o  study the 
reduction of this damage during postirradiation annealing. 

17 tes t s  conducted at 17 K following reactor irradiation at 17 K to  fluence levels of 1x10 , 
6X1Ol7, and 10X1017 neutrons per square centimeter, E > 0. 5 MeV (80 fJ). Tests con- 
ducted at 17 K on unirradiated material  were used as base-line control data. Results of 
the data analyses a r e  shown in figures 6 and 7. 

As may be seen from figure 6, irradiation to  10X1017 neutrons per  square centimeter 
at 17 K increased strength parameters,  decreased ductility parameters, but did not a l ter  
the tensile modulus of elasticity. 
proximately linear with increasing fluence with the yield strength increasing more rapidly 
than the ultimate strength, as may be observed from the plot of yield- to ultimate-strength 
ratio. The changes in total elongation and reduction of a rea  are small  and in most cases  
are not statistically significant at the 0.05 level of significance. (In order for the differ- 
ence to be statistically significant at the 0.05 level of significance, the 95-percent confi- 
dence interval must not include zero.)  Only the increase in the reduction of a rea  following 
lX1017 neutrons per square centimeter exposure and the decrease in total elongation fol- 
lowing 6X1Ol7 neutrons per square centimeter exposure a r e  statistically significant. 

The general data trend fo r  irradiations to 10X1017 neutrons per square centimeter at 
17 K indicates that the radiation damage threshold occurs in the region between lX1017 and 
6X1017 neutrons per  square centimeter. 

Radiation damage threshold. - The radiation damage threshold w a s  determined from 

The increases in yield and ultimate strengths a r e  ap- 

This threshold is defined by a significant in- 

1 Tensile property 

Ultimate strength 

Yield- t o  ult imate- 
strength rat io 

I 

Tensile modulus 
of elasticity 

Total elongation 

Reduction of area 

Fluence, 
neutrons/cm2 

n 1x1017 

~ZZZZ 10~1017 

hm4 6 ~ 1 0 ' ~  

Figure 7. - Effect of reactor irradiat ion at 17 K on variabi l i ty of 17 K tens i le  properties Of 
commercial ly pure t i tan ium. Neutron energy> 0.5 MeV (80 f J ) .  



crease in both yield strength and ultimate strength and possibly a small  decrease in duc- 
tility. The increase in reduction of a rea  following irradiation to lX1017 neutrons per 
square centimeter appears to  be  anomolous. 

Figure 7 is an estimate, defined as the variability index, of the effect of irradiation 
at 17 K on variability of 17 K tensile properties. The variability index is defined as the 
ratio of the square of the estimated standard deviation for the irradiated condition, s (ir- 
radiated), to the square of the estimated standard deviation for the corresponding unirra- 
diated condition, s (unirradiated). The "no change" condition is indicated by 1.0. For  
indices greater  than 1.0, the variability of the property increases, and conversely, for 
indices less  than 1.0, the variability of the property decreases following irradiation. 

As may be seen from figure 7, the variability of the 17 K tensile properties of C P  Ti 
apparently increases with increasing fluence at 17 K. This indicated trend is interesting 
even though confidence cannot be established because of the small  number of specimens 
employed per test  condition. Since test procedures were essentially identical except for 
irradiation exposure, the increase in variability with increasing fluence is probably real, 
however, it should be noted that exceptions to this generalization do occur. For  example, 
the variability index of the yield strength, yield- to ultimate-strength ratio, the reduction 
of a rea  following lX1017 neutrons per square centimeter, and the yield strength following 
6X1017 neutrons per square centimeter indicate a decrease in variability due to  irradia- 
tion. Another exception which should be noted is the difference in relative magnitude of 
the increase in variability indices of total elongation following lX1017 and 6X1017 neutrons 
per square centimeter exposures. The lower fluence exposure shows a large increase in 
variability whereas the higher fluence exposure shows only a slight increase in variability. 

Reduction of radiation damage. - The reduction of radiation damage w a s  investigated 
using heat treatments following irradiation at 17 K to  6X1017 neutrons per square centime- 
ter.  Unirradiated specimens were subjected to  the same heat treatment conditions except 
for  the time of initial 17 K exposure. 
a t  17 K prior to heat treatment, whereas the irradiated specimens were held approxi- 
mately 40 hours (irradiation time) at 17 K prior to  heat treatment. 

first case consists of simply warming the specimen from 17 K to  a higher temperature and 
then testing at this higher temperature. This provides information relative to the reduc- 
tion of the irradiation induced defects influence on the metal lattice, but does not separate 
the annihilation of defects from the reduction in lattice friction due to higher thermal os- 
cillation of lattice ions. The second case, defined as annealing, duplicated the previous 
warming condition, but specimen temperatures were subsequently reduced to  and held for 
1 hour at 17 K prior to  testing a t  17 K. 
separation of defect annihilation from defect resistance. 
results. 

2 

2 

The unirradiated specimens were held for  1 hour 

Two cases  a r e  considered to be pertinent to the reduction of radiation damage. The 

The combination of these two cases  permits a 
Figures 8 to 10 illustrate the 
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As can be seen from the dashed curves of figure 8, warming the specimens from 17 to  
178 K resulted in  a recovery of approximately one-half of the radiation damage for the 
yield strength and three-fourths for  the ultimate strength. The greater  portion of this re -  
covery occurred between 17 and 78 K. The reduction of area and tensile modulus of elas- 
ticity are not significantly different at 178 K than at 17 K although the trend for the reduc- 
tion of area does indicate some damage at 17 K which has fully recovered at 178 K. 
total elongation indicates further damage at  78 R, however, the 95-percent confidence 
intervals for this property overlap at all temperatures, suggesting an equal probability 
that the indicated trend is within material  variability limits. 

Annealing the tes t  material  resulted in essentially the same recovery as observed 
fo r  the warming case, as may be noted from the solid curves of figure 8. The ultimate 
strength following 178 K annealing appears somewhat higher than the corresponding 178 K 
warming case; however, the 95-percent confidence inlerval is also greater and includes 
the confidence interval for the warming case. Such a condition suggests that there is no 
difference between the two thermal treatments. This conclusion is somewhat shadowed, 
however, by the distinct separation of the confidence intervals for the yield- to ultimate- 
strength ratio following thermal treatment at 178 K. The results for total elongation fol- 
lowing the 78 K treatment and the reduction of a r e a  following the 78 and 178 K treatments 
show some deviations; however, for each case there  is an overlap of the 95-percent con- 
fidence intervals which indicates no significant differences. 

The data compared in figure 8 lead t o  the conclusion that thermally cycling C P  Ti  to 
178 K following irradiation at 17 K to 6X1Ol7 neutrons per square centimeter reduces the 
irradiation damage by annihilation of irradiation-induced defects. As a result  of this an- 
nihilation, the irradiation damage to the yield and ultimate strengths is reduced by about 
50 percent. 
recovery, attributable to reduced lattice resistance, occurs between 78 and 178 K. 

shows that recovery of the irradiation effect is probably occurring here also. The gen- 
eral trend with increasing warming and/or annealing temperature for each tensile prop- 
erty 's  variability index is an approach to 1.0, the no change condition. 
exposure to  178 K decreases the variability index below 1.0. 

Comparison of test resul ts  from various sources. - The results obtained from irra- 
diation of C P  Ti  during the program reported herein and by other investigations reported 
in  the literature (refs. 2 and 11 to 16) a r e  compiled in table III. These data represent the 
differences between average tensile property values for irradiated and unirradiated ma- 
ter ia l  and in many cases  an average value represents only one specimen. Fluence values 
a r e  for neutrons with energies greater than 1 MeV (160 fJ). In a number of instances, 
noted on table III, fluence values for neutrons with energies greater  than 1 MeV (160 fJ) 
were calculated and/or estimated from data reported by the investigator. 

The 

Furthermore, for the ultimate strength, there is an indication that additional 

Inspection of the variability analysis for each thermal cycle condition (figs. 9 and 10) 

In most cases, 
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TABLE 111. - EFFECT OF REACTOR IRRADIATION ON TENSILE PROPERTIES OF COMMERCIALLY PURE TITANIUM AS REPORTED BY VARIOUS INVESTIGATORS 
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aFast fluence is for E > 1 MeV (160 fJ). 
bFast fluence > 1 MeV (160 fJ) % 0.76 times fast fluence > 0. 5 MeV (80 fJ). 
'Investigators (ref. 11) reported fluence a s  8.0 to 9. 4X1Ol8 thermal neutrons/cm2 obtained in Brookhaven National Laboratory reactor. 

(160 fa) using data reported in ref. 16 for hole E-45 in Brookhaven National Laboratory reactor. 
dInvestigators (ref. 13) reported fluence as 2.2 to 6. 6X1O2' thermal neutrons/cm2 obtained in Materials Testing Reactor along with a thermal neutron flux profile against 

specimen irradiation position. 
article by Porter (ref. 16) and flux profile against specimen irradiation position reported by investigators (ref. 13). 

Fluence converted to 1 MeV 

Fleunce converted to 1 MeV (160 fJ) using corresponding data for AISI 341 stainless steel and high purity iron a s  reported in survey 

eInvestigators (ref. 14) also report 0.2-percent decrease in uniform elongation and 2. &percent decrease in necking elongation. 
fInvestigators (ref. 14) also report 0.3-percent increase in uniform elongation and 12. I-percent decrease in necking elongation. 
gChange in proportional limit rather than 0.2-percent offset yield strength. 
hInvestigators (ref. 2) report fluence as slow neutrons/cm2 with statement that fast fluence is approximately equal to  slow fluence. Fast fluence is assumed to be for 

Investigators (ref. 2) report a drop-in-load yield point for irradiated material. i 
E > 1 MeV (160 fJ). 



The various test  resul ts  compiled in table 111 a r e  plotted for comparison purposes in 
figure 11. On this figure, the numbers beside the plotted points correspond to the entry 
on table III. Curves A, B, and C characterize the resul ts  for three different test  mate- 
rials for which data were available for two or more irradiation exposures. The compar- 
isons show several  interesting characterist ics even though valid conclusions cannot be 
drawn because of the considerable variation between tes t  materials and experimental 
techniques . 

First, from the comparison of yield and ultimate strengths, i t  appears that the irra- 
diation effect on both of these properties depends on irradiation and postirradiation tem- 
peratures. The effect of room temperature conditions - that is, irradiation near room 
temperature followed by testing at room temperature - is illustrated by curve B. In- 
creasing the irradiation temperature to about 570 K decreases the irradiation effect on 
the strength properties for both room and elevated temperature test  conditions, as indi- 
cated by curve C and point 22. Decreasing the irradiation temperature to 17 K increases 
the irradiation effect when tes t s  a r e  conducted at the irradiation temperature as indicated 
by curve A, however, this is not necessarily the case when the material is warmed from 
17 K to a higher temperature for testing. A s  a matter of fact, raising the test  tempera- 
ture  from 17 to 178 K reduces the irradiation effect to levels comparable with room tem- 
perature test  conditions. 
lX1017 and point 7 for each tensile property. It can then be seen that for both yield and 
ultimate strengths the constructed line and curve B a r e  parallel over the fluence region 
from about 7. 2 X 1 O l 6  to 4 . 3 ~ 1 0 ~ ~  neutrons per square centimeter. 
on the ultimate strength for 523 K irradiation (curve C) is not only approximately parallel, 
but is virtually identical with the line constructed through point 7 over this same fluence 
range. Correspondingly, the irradiation effect on the yield strength for 523 K irradiation 
(curve C) is lower than the other two conditions and does not increase as rapidly with in- 
creasing fluence. 

A second feature of the yield and ultimate strength plots is the irradiation effect for 
postirradiation test temperatures of 78, 178, and 195 K. It appears that recovery of the 
cryogenic temperature irradiation effect of test  material  A (points 6 and 7) following; ex- 
posure to 4 . 3 ~ 1 0 ~ ~  neutrons per  square centimeter at 17 K is essentially complete fo r  the 
ultimate tensile strength but not for the yield strength. This is based on comparison with 
the data for test  material  D (points 23 and 24) following exposure to  5. lXIO1’ neutrons per 
square centimeter. For the 78 K test  temperature, the irradiation effect on both mate- 
rials is essentially the same order of magnitude for  the yield strength (point 6 against 
point 23). For  the 
178 and 195 K cases, the yield strength difference for  point 7 is greater than point 24 
which is essentially identical with the room temperature condition (point 25). This indi- 
cates further recovery may occur for material  A in the temperature range from 178 K to 

This may be seen by constructing a line between 0 change at 

The irradiation effect 

For the ultimate strength, point 23 is slightly greater  than point 6 .  
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Figure 11. - Effect of reactor irradiation on  tensi le properties of commercially 
pure t i tan ium as reported by various investigators. (Numbers beside plotted 
points correspond to entrees in table 111. ) Neutron energy > 1 MeV (160 fJ). 

20 



room temperature. The difference in ultimate strengths (point 7 against points 24 and 25) 
indicates fair agreement, or  possibly an increase of the irradiation damage. A combin- 
ation of annealing data (point 5) and resul ts  from test  material  D when applied to  curve A 
a t  7.  2X1017 neutrons per  square centimeter shows that recovery should reduce the yield 
and ultimate strength differences to  a level comparable with room temperature test 
conditions - that is, curve B. 

uration effect in the interval between about 2. 5X10l8 and 9X10l8 neutrons per  square cen- 
timeter. While this may very well be due to material  variability, it is interesting t o  note 
that the characterist ic is present for  materials of two different impurity levels, mate- 
rials B and C. 

As a final point of interest  in the yield strength comparisons, it can be shown from 
curve B that on either side of the apparent saturation region the difference against the 
log of the fluence may be characterized by straight lines of the same slope. A similar 
relation exists for the difference comparisons of the ultimate strengths. Applying this to  
curve C at  point 21 results in projected lines which pass through point 25, which is the 
room temperature test condition for material  D at 5. lX1019 neutrons per square centi- 
meter.  

less complex than the comparison of strength differences. 
c reases  in ductility with increasing fluence fall on essentially straight lines which are 
parallel. 
of the ductility parameters.  

elongation is shown by the insert  in figure 11. Measurements separating the total elon- 
gation into i t s  constituents (the uniform elongation and the necking elongation) show that 
the uniform elongation is unchanged by irradiation, whereas the necking elongation is r e -  
duced and accounts for the decrease in total elongation. Applying this phenomenon to  the 
data for tes t  material  D at 5. lX1019 neutrons per square centimeter could readily ac- 
count for the small  irradiation effect shown for 0.040-inch- (0. 1016-cm-) diameter spec- 
imens. 
elongation of test material  A. 

The resul ts  compared in figure 11 show that the irradiation damage threshold of 
C P  Ti is not substantially different for  irradiation temperatures in the range from 17 to  
about 573 K. This threshold occurs at about lX1017 neutrons per  square centimeter 
(E > 1 MeV (160 fJ)) and is indicated by an increase in the yield and ultimate strengths. 
This increase may also be accompanied by a slight decrease in ductility. Following at- 
tainment of the threshold, the radiation damage with increasing fluence appears to  be 
markedly dependent on postirradiation temperature conditions. Irradiation temperature 

The third feature of the strength comparisons shown in figure 11 is an apparent sat- 

The comparison of ductility differences shown in figure 11 indicates a trend which is 
In almost all cases, the de- 

These data might very we l l  be approximated by a single straight line for each 

One significant point with regard to  the effect of irradiation on the change in  total 

The same size effect may also be responsible for the smaller decreases in total 

r 
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may also be an important factor in the magnitude of the irradiation effect; however, the 
data available for analysis a r e  insufficient to  establish a general  trend. 

Ti tan ium - 5 A l u m i n u m  - 2.5 T in  Al loy 

The titanium alloy containing 5 percent aluminum and 2. 5 percent tin (Ti-5A1-2. 5Sn) 
w a s  employed as test  material  for  investigating the influence of impurity elements on 
radiation damage a t  cryogenic temperature. Two heats of the alloy (table I), one having 
the normal level of impurity content and one having an extra low level of impurity con- 
tent, were used. 

tion a t  17 K to lX1017 and 10X1017 neutrons per square centimeter (E > 0.5 MeV (80 fJ)). 

Tests  conducted at 17 K on unirradiated material  were used as base line control data. 
Results of the data analyses a r e  shown in figures 12 and 13. 

irradiation of the normal impurity material  at 17 K to  10X1017 neutrons per square cen- 
timeter increased the yield and ultimate strengths, with the yield strength increasing 
more rapidly than the ultimate strength as evidenced by the plot of yield- to ultimate- 
strength ratio. The total elongation w a s  decreased slightly by the irradiation, while the 
reduction of a r e a  and tensile modulus of elasticity remained unchanged. These data in- 
dicate that the threshold for radiation damage at 17 K occurs prior to lX1017 neutrons 
per square centimeter as evidenced by the marked increases in yield and ultimate 
strengths. Figure 13 shows that variability of the tensile modulus of elasticity, yield 
strength, and ultimate strength of normal impurity material  probably increase with in- 
creasing fluence. The variability of ductility parameters,  however, apparently de- 
creases  with increasing fluence. 

square centimeter caused essentially the same changes in 17 K tensile properties 
(dashed curves shown in fig. 12) with the exception of the reduction of area.  The reduc- 
tion of a rea  shows a significant decrease following irradiation to  10X1017 neutrons per 
square centimeter. It should be noted also that following irradiation to lX1017 neutrons 
per square centimeter the tensile modulus of elasticity decreased. 
small, but it is statistically significant at the 0.05 level of significance. The threshold 
for  radiation damage is higher than the normal impurity material  and occurs in the in- 
terval between lX1017 and 10X1017 neutrons per  square centimeter. 
that, in general, irradiation reduces the variability of tensile properties of extra low 
impurity material. However, following 10x10 l7 neutrons per square centimeter expo- 
sure,  increases in the variability of the ultimate strength and reduction of a r e a  a r e  in- 
di ca t ed. I 
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Radiation damage threshold. - A s  may be seen from the solid curves of figure 12, 
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Influence of impurity elements on radiation damage. - A s  for  the effects of impurity 
elements on radiation damage, figure 12 shows that in every case there is an overlap of 
the 95-percent confidence intervals and in most cases  the overlapped regions include the 
mean values for both normal impurity and extra low impurity materials. Notable excep- 
tions occur for yield and ultimate strengths following lX1017 neutrons per square centi- 
meter.  Here the 95-percent confidence intervals do overlap, but the difference in mean 
values of the yield and ultimate strengths for the two materials do not fall within the 
overlapped intervals. 
a difference in the radiation damage attributable to impurity content except possibly for 
the yield and ultimate strengths following lxlOl7 neutrons per square centimeter expo- 
sure. 

ments do influence the radiation effect. Based on this observation, it can be concluded 
that, although impurities may not necessarily a l ter  the mean value, they may influence 
the variability. 

diation of Ti-5A1-2. 5Sn alloy reported herein and by various investigations reported in the 
literature (refs. 14, 15, and 17 to 21) a r e  compiled in table IV. These data represent the 
differences between average tensile property values for irradiated and unirradiated mate- 
rial and in many cases  an average value represents only one specimen. 
a r e  for neutrons with energies greater  than 1 MeV (160 fJ). 

The resul ts  obtained for 20 and 78 K irradiation and test  temperature a r e  compared 
in figure 14 with a room temperature (300 K) tes t  condition following irradiation at about 
550 K. 
dicate that radiation damage is not particularly dependent on the form of the material. 
The data illustrated infigure 14 do indicate that the irradiation damage is sensitive to ir- 
radiation temperature, followed by testing a t  this temperature. 
than about 5 ~ 1 0 ~ ~  neutrons per square centimeter, there appears to be an increase of 
damage as the irradiation and test  temperature a r e  reduced from 300 to 20 K. 
creased irradiation damage is evidenced by a substantially greater increase in both yield 
and ultimate strengths and a decrease in total elongation for  lower temperatures. 

interesting ser ies  of curves (fig. 14). 
room temperature (300 K) decreased the reduction of area.  Lowering the irradiation and 
test  temperature to 78 K resulted in little or no radiation effect. Further reduction in ir- 
radiation and test  temperature to  20 K caused an increase in the reduction of a r e a  for ex- 
posures less  than 5 ~ 1 0 ~ ~  neutrons per square centimeter (E > 1 MeV (160 f J ) ) .  
be recalled that an increase of comparable magnitude occurred for the reduction of a rea  
of C P  T i  following irradiation and testing at 17 K. ) 

It would be presumptious to conclude from these data that there is 

The variability analyses shown in figure 13, however, suggest that impurity ele- 

Comparison of test  results from various sources. - The results obtained from irra- 

Fluence values 

These data were generated on a variety of material  forms, and in most cases,  in- 

For  exposures greater 

This in- 

The changes in the reduction of a r e a  following irradiation, although small, show an 
Irradiation at about 550 K, followed by testing at 

(It wi l l  
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TABLE IV. - EFFECT OF REACTOR IRRADIATION ON TENSILE PROPERTIES O F  TITANIUM - 5 ALUMINUM - 2 .5  TIN ALLOY AS REPORTED BY VARIOUS INVESTIGATORS 

2 .5  573 

Present in- 

Entry Code Test material  
temper- percent offset yield strength total elon- reduction 
ature, K strength gation, of a rea ,  

percent percent ''/in. 1b/cm2 ature,  neutrons/cm2 

(160 f J)) 

7. 6x10" 44. 2 

1 A Bar, NI 

17 

20 

18 
19 

21 

6 .0  4. 1 5.4 3.7 -2.4 -3.0 --- 
4. 1 5. 5 3. 8 -1. 8 5.0 --- 

1.9 1. 3 -1.4 3.0 --- 
0 0 ! .1 . 1  1. 0 3.0 - - -  

1 , I 1 ::: 2.8 

r \ \ '  " 

'300 
300 
300 
573 
573 

78  
78 

300 

1 . 7 ~ 1 0 ~  I. 2 x 1 0 ~  
a. 9 a, 6 

a - 2 . 0  a-1.4 
a4. 8 3 

a7. 4 5. 1 

1 7 . 4 ~ 1 0 ~  1 2 . 0 ~ 1 0 3  
11.2 7 . 7  
9. 4 6. 5 

1.0x103 1 o.7x1o3 
-. 4 -. 3 
2.3 1. 6 

-4.0 -2. 8 
8.7 6. 0 

14. 2X103 9. 8X103 

8. 5 5. 9 
8 .0  5. 5 

b0.4 -4.9 --- 
-8.2 --- 15 _ _ _ _  

I _ _ - _  -6 .4 --- 
_ _ - _  -14.9 --- 

-23.0 --- 

17 -11.7 ----- --_ 
17 -6 .8  -____ -__  

-3.7 ---_- --- 17 

_ _ _ _  



20 5 . 0 ~ 1 0 ' ~  20 20 5 . 6 ~ 1 0 ~  3. 9x1O3 lo. 1x103 7 . 0 ~ 1 0 ~  22 G Plate, ELI Annealed Hydrogen 
(transverse) 

17 1.7 -1.0 - - -  
--- 

20 
20 
21 
20 
20 

20 2 . 6 ~ 1 0 ~ ~  20 
20 3. 5 20 
20 2. 4 78 
78 2.5 78 
78 3. 4 78 

_ _ _  
1. 3 

-.I 
2.6 

--- 

8.2  --- 
9.2 --- 
5.2 --- 
3.0 --- 
1.0 --- 

20 9 . 4 ~ 1 0 ~  6. 5 ~ 1 0 ~  - 0 . 4 ~ 1 0 ~  - 0 . 3 ~ 1 0 ~  
20 11.4 7 .9  12.8 8. 8 
20 -1.0 -.I -4.6 -3. 2 

4. 8 9.2 6. 3 
18 . 3  0 0 

i; 1 [lati, ELI 

Hydrogen 
Hydrogen 
Hydrogen 
Nitrogen 

27 Nitrogen 

28 I Forging, ELI Annealed Nitrogen 
- 
i-- 

78 1.1x1018 78 -0.7 -1.2 --- 29 

-7.9 
-5. 5 
-5.7 
-9. I 
-6.3 
-. 4 

-6. 9 
-1. 8 
-2.0 

l.lx.1018 
1. 1 
9 . 7 ~ 1 0 ~ ~  
5. 6 
5 . 6  
9.3 
9.3 
8. 5 
8 . 5  

78 
189 

d300 
g300 
e300 
f556 
f833 

189 
300 

9. 6X103 
9. 0 
7.6 
4. 1 
3.4 

- 1. 4 
-4. 1 

3. 4 
1. 4 

1 2 . 2 ~ 1 0 ~  , 8 . 4 ~ 1 0 ~  

2. 4 
3.2 

9.2 6. 3 

29 
30 
31 
32 
33 
34 
35 
36 
37 

38 
39 - 

J IForging, ELI IAs-forgedlNitrogen -3.0 --- 
-7.0 --- 
-6.0 --- 
-2.0 --- 
-4.0 --- 

-3.3 
-4. a 

1 1 . 5 ~ 1 0 ~  
7.7 

21 
21 

aProportional limit rather than 0.2-percent offset yield strength. 
b v e s t i g a t o r s  also report  0.5-percent increase in uniform elongation and 0.4-percent increase in necking elongation. 
7nvestigator reported fluence a s  E > 0.33 MeV (53 fJ). Converted using relation E > 1 MeV = 0 . 7  E > 0.33 MeV (E > 160 fJ zj 0.7 E > 53 fJ). 

dFifteen minutes a t  annealing temperature. 
eTwenty-four hours at  annealing temperature. 
*One hour at  annealing temperature. 
gFive minutes a t  annealing temperature. 
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(b) Ultimate strength. 

lo r 

(c) Total elongation. 

7 
A 

8 - 9 10 11 I % k k  *x,o17 -20 I . 1  I I I I I I I I 
0 1 2 3 4  5 6  7 

Fluence, neu t rons l cd  

(d) Reduction of area. 

Figure 14. - Effect of reactor irradiation on tensile properties of titanium - 5 aluminum - 2.5 tin alloy as reported by various 
investigators. Neutron energy > 1 MeV (160 fJ1. (Numbers beside plotted points correspond t o  entries in table IV; 
*, proportional limit. I 
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Finally, from table IV, it is noted that recovery of the radiation damage for the 
Ti-5A1-2. 5Sn alloy requires  postirradiation temperatures of the order of 800 K. 

Ti tan ium - 6 A l u m i n u m  - 4 Vanadium Al loy 

Two heats of the titanium alloy containing 6 percent aluminum and 4 percent vana- 
dium (Ti-6A1-4V) were used for  cryogenic irradiation studies. One heat of the material  
was in the annealed condition, while the second heat of material  w a s  solution treated and 
then aged. 

Tests using each heat of mater ia l  were conducted at 17 K following reactor irradia- 
tion at 17 K to  lX1017 and 10X1017 neutrons per square centimeter (E > 0.5  MeV (80 fJ)). 
Tes ts  conducted at 17 K on unirradiated mater ia ls  were used as base-line control data. 
The resul ts  of data analysis are shown in figures 15 and 16. 

the reduction of area, there is little difference in the irradiation effect on annealed mate- 
rial and aged material. 
occurs for exposures less  than to lX1017 neutrons per square centimeter, as evidenced 
by increases  in yield and ultimate strengths, a decrease in total elongation, and changes 
in the reduction of area. 
statistically significant at the 0.05 level of significance. 

whereas irradiation of the aged material  causes a decrease. The 95-percent confidence 
intervals are approximately equal for all differences. 
and 10X1017 neutrons per  square centimeter, these confidence intervals do not overlap, 
which indicates that there is a difference in the effect of irradiation a t  17 K on annealed 
mater ia l  and aged material. 

since the variability of the annealed material  following irradiation to  10X1017 neutrons 
per  square centimeter is unusually large and data from only one specimen for  each heat 
treated condition were obtained following irradiation to lX1017 neutrons per square centi- 
meter.  

strength parameters  increases  with increasing fluence for both the annealed material  
and the aged material. Ductility parameters,  on the other hand, show that following ir- 
radiation the variability in ductility tends to  decrease for  both the annealed material  and 
the aged material. The t rends in the variability indices for both annealed and aged ma- 
terials are similar. The magnitude of the increase in the variability of the yield and ul- 
timate strengths for  aged material  appears greater  than that for annealed material. 
may be due to  a higher oxygen content in the aged material, 0.102 weight percent as op- 
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Radiation damage threshold. - As may be seen from figure 15, with the exception of 

For  both material  conditions the radiation damage threshold 

The decreases  in total elongation are small; however, they are 

The reduction of area shows that irradiation of annealed material  causes an increase, 

17 Following irradiation to  1x10 

The difference indicated by the tensile modulus of elasticity is probably exaggerated 

Variability analyses, illustrated by figure 16, indicate that the variability of the 

This 
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Tensile property 

Yield strength 

Ultimate strength 

Yield- to ult imate- 
strength rat io  

Tensile modulus 
of elast ici ty 

Total elongation 

I Analysis not possible 

Analysis not possible 4 
Fluence 

ne  ut r on s/c m2 
I 1x1017 
mna 10x1017 

Reduction of area 4 
(a) Annealed material 

I Yield strength ; F Z r -  Ultimate strength 

Yield- to ult imate- 
strength rat io  

Tensile modulus 

of elasticity F 4- Total elongation 

I I I I I I I k I  I I h l  I I h I  I I 
0 2 4 6 24 2 65 67 169 171 

Variabil ity index, S;;irradiatedlqS~Iunirradiate~) 

(b) Aged material. 

Figure 16. - Effect of reactor irradiation at 17 K on variabi l i ty of 17 K tensile properties 
of t i tan ium - 6 a l u m i n u m  - 4 vanadium alloy. Neutron energy> 0.5 MeV (80 fJ). 
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posed to 0.065 weight percent for  annealed material. 

damage a t  17 K is a small  difference in the reduction of a r e a  following exposure to  
10X1017 neutrons per  square centimeter. This difference represents a decrease in the 
ductility of aged mater ia l  which is not evident in  the annealed material. 

Wallack (ref. 22) reports  resul ts  on the Ti-6A1-4V alloy which indicate that differ- 
ences due to the metallurgical condition may occur for strength parameters following 
higher fluence exposures. Test  results reported include hardness measurements at 
room temperature on both annealed and aged conditions of Ti-6A1-4V unirradiated and 
following reactor irradiation at about 373 K to 3X1Ol8, 2X101’, and 8 . 5 ~ 1 0 ~ ’  neutrons 
per square centimeter (E > 1 MeV (160 fJ)). Irradiation caused an increase in the hard- 
ness  for both material  conditions, the increase being greater  for the aged material. 
Since an increase in hardness implies an increase in ultimate tensile strength, it may be 
concluded that the ultimate tensile strength of aged material  increased more than that of 
annealed material. 
diation caused lattice parameter and line breadth changes in the aged material  similar to  
an overaging treatment of unirradiated material. 

the effects of reactor irradiation on the tensile properties of the Ti-6A1-4V alloy w a s  
found in the literature. Results from this investigation (ref. 14) a r e  compiled in table V 
along with resul ts  from the present investigation converted to fluence values for neutrons 
with energies greater than 1 MeV (160 fJ). The comparison of test  results show that for 
the strength properties, irradiation at 17 K to about lX1017 neutrons per square centime- 
t e r  followed by testing at 17 K causes damage equivalent to irradiation at  523 K to 
2. 6X1Ol8 neutrons per  square centimeter (followed by testing at  room temperature). 
Total elongation and reduction of area,  however, decreased considerably more for the 
higher fluence exposure (followed by testing a t  room temperature). This result is con- 
sistent with what has been observed for other titanium alloys, although the magnitude of 
the decrease in reduction of a rea  is greater for  the Ti-6A1-4V alloy. 

The effect of irradiation on room temperature elongation reported by Bomar et al. 
( ref .  14) shows that both uniform and necking elongation a r e  decreased by irradiation. 
This is contrary to the effect noted previously for C P  T i  (fig. 11) which showed only the 
necking elongation to decrease following irradiation. 
tent and/or metallurgical structure. 

From these data, the only indication that metallurgical condition influences radiation 

Furthermore, X-ray diffraction measurements indicated that irra- 

Comparison of test  resul ts  _ -  f rom ~ various sources. - Only one other investigation of 

This effect may be due to alloy con- 
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TABLE V. - EFFECT OF REACTOR IRRADIATION ON TENSILE PROPERTIES OF TITANIUM - 6 ALUMINUM - 4 VANADIUMALLOY 

- strength 
ature, fluence, Pretest Test 1bjin. 

I I 
K neutronsjcm 2 lb/in. N/cm2 

~ (a) 

AS REPORTED BY VARIOUS INVESTIGATORS 

Code Test material Exposure Post-exposure Change in 0 . 2 -  Change in ultimate Change in Change in Reference 
- 

gation, of area, 
percent percent 

i 
A 

B 

C 

Bar Annealed Helium 17 7 . 6 X 1 O l 6  17 ' 17 1 0 . 8 ~ 1 0 ~  7 . 4 ~ 1 0 ~  1 3 . 3 ~ 1 0 ~  9 . 2 ~ 1 0 ~  - 1 . 9  6.9 Present in- 
17 7 . 6 x 1 0 l 7  17 17 56.3 3 8 . 8  5 9 . 8  41.2 - 2 . 9  3.6 vestigation -- 

Bar Aged Helium 17 7 . 6 X 1 O l 6  17 17 1 8 . 3 ~ 1 0 ~  12.6x1O3 20. lx103 1 3 . 8 ~ 1 0 ~  -1.4 - 2 . 9  Present in- 
17 7 . 6 ~ 1 0 ' ~  17 17 49.0 3 3 . 8  47.3 3 2 . 6  -2.0 - 10.0 vestigation 

Bar Annealed U02S04 523 2 . 6 X 1 O l 8  3 0 0  300 18. 6 x 1 0 3  12. 8X103 16. 6X103 11. 4 x 1 0 3  b-6. 3 - 2 8 . 8  1 4  

W 
W 



Ti tan ium - 8 A l u m i n u m  - 1 Molybdenum - 1 Vanadium Alloy 

The titanium alloy containing 8 percent aluminum, 1 percent molybdenum, and 1 per- 
cent vanadium (Ti-8A1-1Mo-1V) w a s  irradiated at 17 K to a fluence of lX1017 neutrons 
per  square centimeter (E > 0.5 MeV (80 fJ)) to determine the threshold for radiation 
damage. 
t rol  data. 

Tests  conducted at 17 K on unirradiated material  were used as base-line con- 
Data analyses a r e  shown in figures 17 and 18. 

3Ox1O3 30x103 

I -  95-Percent 
confidence interval-J 

-20 I 
-20 

- 1 o L  

(b) Ultimate strength. (a) Yield strength. 

a, m c m 
c u 

.1 r 

-. ol----T. 1 0 1x1017 
Fluence, 

(c) Yield- t o  ult imate- 
strength ratio. 

6Ox1O6 

r 

N 

E U 

z ..-. 

a,- 
D c m S 
0 

20x106 

-20 1 a,- D c m 
S 
0 

neutronslcm' 

(d) Total elongation. 

( e )  Tensile modulus of 

Figure 17. - Effect of reactor irradiation at 17 K on 17 K tensi le properties of 

elasticity. 

t i tan ium - 8 a luminum - 1 molybdenum - 1 vanadium alloy. Neutron 
energy > 0.5 MeV (80 fJ). 
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Tensile property 

Yield strength 

ult imate strength 

Yield- to ult imate- 
strength rat io  

Tensile modulus 
of elasticity 

P 
. -  i ~ -- 

Analysis not possible 
I L--.---Q___L_I 13 15 
2 4 6 11 

Variabi l i ty index, S‘(irradiated)/ S’kmirradiated) 

Total elongation 

Reduction of area 

0 

Figure 18. - Effect of reactor irradiat ion at 17 K t o  lx1017 neutrons per square centi- 
meter (energy> 0.5 MeV (80 fJ) on variabi l i ty of 17 K tensi le properties of t i tan ium - 
8 a lum inum - 1 molybdenum - 1 vanadium alloy. 

Radiation damage threshold. - As can be seen from figure 17, the threshold for ra- 
diation damage a t  17 K occurs for exposures less than lX1017 neutrons per  square centi- 
meter  as evidenced by the increases  in both yield and ultimate strengths. 
elongation following this exposure appears to decrease; however, the decrease is small  
and not statistically significant at the 0.05 level of significance. The indicated increase 
in the tensile modulus of elasticity is subject to  considerable uncertainty since it is based 
on only two irradiated specimen values, both of which appear to be unusually high. The 
irradiated values and the unusually large 95-percent confidence interval are most prob- 
ably due to  test  techniques rather  than irradiation. 
te r ia l  (fig. 18) appears to  decrease as evidenced by the variability indices being less 
than 1.0. 

the Ti-8A1- 1Mo- 1V alloy are the only known studies of the effect of reactor irradiation 
on this material. 

The total 

The variability of the irradiated ma- 

Comparison of tes t  resul ts  from .. various sources. - Test  resul ts  reported herein for  
.- 

Comparison of Radiation Damage t o  Titanium-Base Alloys 

The effect of reactor irradiation at 17 K on 17 K tensile properties of C P  T i  and the 
three titanium-base alloys is shown in figure 19. 
the differences in the mean values of each tensile property for each alloy and alloy con- 
dition. The curves for Ti-5A1-2. 5Sn are the average for  normal impurity and extra low 
impurity heats of material. The curves for Ti-6A1-4V are the average for annealed and 
aged conditions (with the exception of reduction of area, where curves representing the 

The points plotted on this figure are 
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Figure 19. - Effect of reactor irradiation at 17 K on 17 K tensi le properties of t i tan ium and titanium-base alloys. 
Neutron energy > 0.5 MeV (80 fJ). 

two material  conditions are shown). 

square centimeter (E > 0.5 MeV (80 fJ)) causes s imilar  changes in the 17 K tensile prop- 
erties of all alloys. Tensile strengths increase (with the yield strength increasing more 
than the ultimate strength) and ductilities decrease slightly. There is also an indication 
that the magnitude of the change due to  irradiation depends on total alloy content and/or 
metallurgical structure. 

The comparisons of figure 19 show that irradiation at  17 K to  10X1017 neutrons per 

SUMMARY OF RESULTS AND CONCLUSIONS 

Commercially pure titanium and three titanium-base alloys have been subjected to  
reactor irradiation at 17 K for fluence levels up to  10X1017 neutrons per square centime- 
ter (E > 0. 5 MeV (80 fJ)). Postirradiation tensile tes t s  were conducted at 17 K without 



intervening warmup, except for a few tes t s  using CP Ti. Test  results show the following: 
1. The irradiation damage threshold at 17 K for C P  T i  occurs in the region between 

lX1017 and 6X1Ol7 neutrons per square centimeter (E > 0. 5 MeV (80 fJ)). This threshold 
is defined by a significant increase in both yield strength and ultimate strength and pos- 
sibly a small  decrease in ductility. 

per square centimeter (E > 0. 5 MeV (80 fJ)) reduces the irradiation damage by annihi- 
lation of irradiation-induced defects. As a result of this annihilation, the irradiation 
damage to the yield and ultimate strengths is reduced by about 50 percent. 
for the ultimate strength, there is an indication that additional recovery, attributable to 
reduced lattice resistance, occurs between 78 and 178 K. 

that the irradiation damage threshold of CP  Ti  is not substantially different for irradia- 
tion temperatures in the range from 17 to about 573 K. This threshold occurs at about 
lX1017 neutrons per square centimeter (E > 1 MeV (160 fJ)) .  
the threshold, the radiation damage with increasing fluence appears to  be markedly de- 
pendent on postirradiation temperature conditions. 

impurity content occurs for exposures less  than lX1017 neutrons per square centimeter 
(E > 0. 5 MeV (80 fJ)). 
for radiation damage at 17 K is higher than the normal impurity material  and occurs in 
the interval between lX1017 and 10X1017 neutrons per square centimeter (E > 0.5  MeV 
(80 fJ)). These thresholds are indicated by significant increases in  both yield and ulti- 
mate strengths and decreases in ductility. 
olds shown by the Ti-5A1-2. 5Sn alloys may be due to  material  variability. 
cated by a comparison of resul ts  following 1 0 ~ 1 0 ~ ~  neutrons per square centimeter 
(E > 0. 5 MeV (80 fJ ) )  which shows changes that a r e  essentially the same for both im- 
purity content materials. 

5. Comparison of test  resul ts  reported herein for the Ti-5A1-2. 5Sn alloy with r e -  
sults of investigations reported in the l i terature suggest that irradiation damage is sensi- 
tive to irradiation temperature, followed by testing a t  this temperature. For  exposures 
greater  than about 5x1017 neutrons per square centimeter (E > 0.5 MeV (160 fJ)) there 
appears to be an increase of damage as the irradiation and tes t  temperature a r e  reduced 
from room temperature to 20 K. 

posures less  than lx1017 neutrons per square centimeter (E > 0.5 MeV (80 fJ)). The 
threshold is evidenced by significant increases in yield and ultimate strengths and de- 
c reases  in ductility parameters.  Differences in the reduction of area following irradia- 
tion a r e  the only indications that the heat-treated condition influences the irradiation ef- 
fect. 

2. Thermally cycling CP  Ti  to  178 K following irradiation at 17 K to 6X1017 neutrons 

Furthermore, 

3. Comparison of resul ts  reported herein with results from other sources shows 

Following attainment of 

4. The threshold for radiation damage at  17 K of Ti-5A1-2. 5% alloy with normal 

For the same alloy with extra low impurity content, the threshold 

The differences in radiation damage thresh- 
This is indi- 

6. The irradiation damage threshold at 17 K for the Ti-6A1-4V alloy occurs for  ex- 
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7. Comparison of test  resul ts  for  the Ti-6A1-4V alloy reported herein with resul ts  
reported in the l i terature indicate that irradiation at 17 K t o  about lX1017 neutrons per  
square centimeter (E > 1 MeV (160 fJ)) ,  followed by testing at  17 K, causes damage 
equivalent to  irradiation a t  523 K to 2. 6X1Ol8 neutrons per square centimeter followed by 
testing at room temperature. 

8. The irradiation damage threshold at 17 K for the Ti-8A1- 1Mo- 1V alloy occurs for 
exposures less than lX1017 neutrons per square centimeter (E > 0. 5 MeV (80 fJ)) .  This 
threshold is indicated by significant increases in both the yield and ultimate strengths 
and probable decrease in ductility. 

9. The effect of reactor irradiation at 17 K on 17 K tensile properties of C P  T i  and 
the three titanium-base alloys investigated a r e  similar. Irradiation damage is evidenced 
by significant increases  in strength parameters  and probable decreases in ductility pa- 
rameters.  The magnitude of radiation damage appears to depend on the total alloy con- 
tent and/or metallurgical structure. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, June 25, 1969, 
122-29. 
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APPENDIX - TABULATED TEST DATA AND SUMMARY 

OF STATISTICAL ANALYSES 

Tensile test  data obtained during performance of the data acquisition phase of the 
program are compiled in tables VI to Xm. 
formed in connection with data analyses are also included in the tables. Symbols used on 
the tables for statistical analysis a r e  defined as follows: 

Summaries of the statistical analyses per- 

arithmetic mean of nA measurements 
yielding property values of X1,X2,. . . 

I 

estimated standard deviation of nA 
measurements yielding property values 
of x1,x2,. . # 

lower limit of the 95-percent confidence 
interval of the difference between arith- 
metic means 

upper limit of 95-percent confidence in- 
terval of difference between arithmetic 
means 

for nA - 1 degrees of freedom 
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to. 975 

- 2 effective for  \“A nB/ 

(“:/.A) + (si/nB) 

nA + 1 ng + 1 

number of degrees of freedom 

distribution value for ‘9” test  of signifi- 
cance (e. g. , ref. 10, table A-4) 
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pecimen F a s t  
fluence, 

neutrons/cmL 

.26. OX103 
-31.0 
!34.0 

130. 3 ~ 1 0 ~  
4. 1 
0 

.10.2 
10.2 

128. OX1O3 
131.0 
136.0 

131. 7x103 
4.0 
1 .4  

- 6 . 7  
9. 5 

. 9 5  

86. 8X103 185. OX103 
90. 3 182.0 
92. 3 188.0 

89. 8X103 185. OX103 
2. 8 3.0 
0 0 

-7.0 -7.4 
7. 0 7 .4  

88. 2X103 181. OX103 
90. 3 180.0 
93 .7  187.0 

90. 7x103 182. 7x103 
2. 8 3 .7  

. 9  - 2 . 3  
- 4 . 6  - 9 . 4  

6. 5 4. 8 

1. 00 1. 52 

1 5 5 . 3 ~ 1 0 ~  
2. 3 

25. 0 
17. 5 
32. 5 

. 3 1  

107. OX103 206.0X10' 
1. 6 4 . 4  

17. 2 21.0 
12. 1 13.4 
22. 4 29. 2 

. 3 2  2. 15 

170. 3x103 
11 .0  
40.0 
18.4 
61. 6 

7. 19 

1 1 7 . 4 ~ 1 0 ~  2 1 7 . 3 ~ 1 0 :  
7.6 5 . 1  

27 .6  32 .3  
12. 7 23. 1 
42. 4 42. 1 

7.36 2.89 

TABLE VI. - E F F E C T  O F  REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES 

OF COMMERCIALLY PURE TITANIUM~ 

Tensi le  modulus of 
elast ic i ty  

~ 

Yield s t rength I Ultimate s t rength 
~ 

rota1 
elon- 
ation, 
e rcent  

(d) 

tatist ical  
analysis  

(C) 

Leductior 
If a r e a ,  
percent  

ield- to 
t imate-  
trength 
r a t i o  

0 .681  
, 7 1 9  
, 7 1 2  

0.704 
, 0 2 0  

~ 

0 
-_  050 

, 0 5 0  

0.706 
.728  
.726 

0.720 
. o n  
.OM 

-_  020 
.052 

. 3 6  

0.757 
, 7 2 9  
,773  

0 .753  
, 0 2 2  
, 0 4 9  
,007 
. 091  

1 . 2 1  

0.746 
, 7 9 1  
.811  

0 .783  
,033  
,079  
.022 
. 136 

2. 72  

~ 

~ 

~ 

~ 

~~ 

~ 

~ 

N/cm2 

27.5X10' 
25. 4 
29. 5 

27. 5x10 
2 . 1  
0 

- 5 . 1  
5 . 1  

24.7X10 
.24.0 
.28.8 

125.9X10 
2 . 6  

-1 .6  
-6. 5 

3 . 3  

1. 53 

139. 9x10 
145.4 
140.6 

142.0XlO 
3 . 0  

14. 5 
9 . 2  

20.2 

2 .02  

146.8XlC 
148.8 
153.6 

149.7XlC 
3 . 5  

22.2 
15. 9 
29.0 

2.78 

~~ 

lb/in. 

19.ox106 
18 .0  
19.0 

18. 7X106 
. 6  

0 
-1. 5 
1. 5 

18.4X10' 
18. 5 
21.4 

19.4X10' 
1. 7 

. 7  
-2. 6 

4.0 

8. 03 

20. OXlOf  

15. 0 
19 .0  

18. 0x10' 
2. 6 
-. 7 

- 7 . 3  
5. 9 

18.78 

14. 2x10' 
22 .2  
_ _ - -  

18. 2x10' 
5 .7  
-. 5 

-52.0 
51 .0  

90.25 

N/cm2 

13. 1X106 
12 .4  
13. 1 

12.9x106 
. 4  

0 
- 1 . 0  
1. 0 

12. 7X106 
12 .7  
14. 7 

13.4X10' 
1. 2 

. 5  
-1. 8 

2. 8 

9 .00  

13. 8x10' 
10.3 
13. 1 

12.4X10' 
1. 8 
-. 5 

- 5 . 1  
4. 1 

22. 56 

9. 8x10' 
15. 3 

(b) 

0 
0 
0 

1 x 1 0 ~ ~  
1 
1 

6X1Ol7 
6 
6 

1 0 x 1 0 ~ ~  
10 
10 

32 .0  
31 .0  
30 .0  

44.0 
48 .0  
47 .0  

1Aa211 
1Aa3 
1Aa2 

31.0 
1 .0  
0 

-2 .5  
2 . 5  

46.3 
2 . 1  
0 

-5.2 
5. 2 

1Aa138 
1Aa148 
1Aa 144 

1Aa200 
1Aa153 
1Aa203 

1Aa152 
1Aa205 
1Aa206 

--- 
54. 0 
52.0 

53 .0  
1 . 4  
6. 7 
2 .7  

10 .7  

. 4 4  

36 .0  
3 2 . 0  

34.0  
2 . 8  
3 .0  

- 5 . 9  
11.9 

7 .84  

29.0 
27 .0  
29.0 

45 .0  
38. 0 
46.0 

43.0 
4. 4 

-3 .3  
-11.1 

4. 5 

4. 38 

28. 3 
1 .2  

-2.7 
- 4 . 9  
-. 5 

1 .44  

30. 0 
29.0 
19 .0  

26.0 
6. 1 

-5.0 
-20.4 

10 .4  

37.21 

~ 

49.0  
44. 0 
38.0 

43. 7 
5. 5 

-2 .6  
-13.4 

8. 2 

6 .85  

12. 5x10' 
3. 9 
-. 4 

-35.9 
3 5 . 1  

95 .06  

'Specimen exposed in gaseous helium and maintained a t  17 K throughout test .  
'Fast  fluence is for  E > 0. 5 MeV (80 fJ). 
'Arithmetic mean  %; est imated s tandard deviation s ;  lower and upper l imi t s  of 95 percent  confidence interval  of the difference,  

XL' xu. 
dTotal  elongation in 0. 5-in. (1.27-cm) gage length. 
eValues f o r  tensi le  modulus of elasticity,  yield s t rength,  and ul t imate  s t rength differ because of significant f igures  maintained in com- 

fValue exceeds lower l imit  of possible  change. 
parat ive calculat ions between the two s y s t e m s  of units.  
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TABLE VII. - EFFECT O F  WARMING FOLLOWING REACTOR IRRADIATION AT 17 K ON 

TENSILE PROPERTIES OF COMMERCIALLY PURE TITANIUM~ 

Specimen Fast  
fluence, 

neutrons/cm2 

I (b) I 
34. Ox1O3 
37.0 
38.0 

1Aa201 0 
1Aa195 
1Aa 11 I :  92. 3x103 

94.4 
95. 1 

1Aa212 6X101' 
1Aa 1 --r 1Aa42 

4 5 . 0 ~ 1 0 ~  
45.0 
41 .0  

45. 7x103 
1 . 2  
9 .3  
5 . 4  

13. 2 

. 3 3  

54. 2X103 
34. 3 
35.2 

1Aa59 
1Aa51 
1Aa 17 

99. 9 ~ 1 0 ~  
99.9 

101.3 

100. 4x103 
. 8  

6. 5 
3. 7 
9. 1 

. 2 7  

64. 9 ~ 1 0 ~  
65 .0  
65 .6  

1Aa23 
1Aa45 
1Aa 3 5 

11. OX103 
10.0 
11.0 

)O.7.u1O3 
. 6  

6. 1 
4.9 
7 .3  

6x10" 
6 
6 

69. 6X103 
68. 9 
69.6 

6 9 . 4 ~ 1 0 ~  
. 4  

4. 2 
3 .4  
5. 0 

~ 

Test 
emper 
ature, 

K 
(C) 

1 8  
78 
78  

______ 

~ 

I 8  
I 8  
7 8  

~~ 

178 
178 
118 

178 
178 
178 

Statistical 
analysis 

( 4  

~ 

_ _ _ _ _  _ _ _  

______ 
Tensile modulus o 

elasticity 

lb/in. 

20. O X l O f  

17.0 
18 .0  

18.3X10' 
1. 5 

18. 0x10' 
19.0 
to.  0 

19. 0x10' 
1.0 
. I  

- 2 . 0  
3 .4  

. 4 4  

L7. or106 
!1.0 
L5.0 

7.7x106 

7.0x106 

3. 1 

8.0 
10.0 

8. 3X106 
1. 5 

. 6  
4.9 
6.  1 

. 2 3  

N/cm2 

13. 8X1Ot 
11.7 
12.4 

12. 6X10f 
1. 0 

12. 4x10' 
13. 1 
13. 8 

13. 1x10' 
. I  
. 5  

-1 .4  
2 . 3  

. 4 9  

L1.7X106 
L4. 5 
LO. 3 

12.2x106 
2. 1 

. l .  7X106 
2.4 
3. 8 

2. 6Y1O6 

1.0 
. 4  

3 . 4  
4 . 2  

. 2 3  

Yield strength 
(0.2-percent offset) 

lb/in. 

103.0X10' 
106.0 
106.0 

105.0X10: 
1. I 

116.0X10' 
120.0 
126. 0 

120. 6x103 
5. 0 

15. 6 
5. 9 

25. 3 

8. 64 

7 6 .  9s103 
78. 9 
79.9 

78. 6X103 
1. 5 

90. 7x103 
92. 6 
92. 7 

9 2 . 0 ~ 1 0 ~  
1. 1 

13. 4 
10. 6 
16. 2 

. 5 4  

N/cm2 

7 1 . 0 ~ 1 0 ~  
73 .0  
13 .0  

72. 3x103 
1 .2  

1 9 . 9 ~ 1 0 ~  
8 2 . 7  
86.8 

8 3 . 1 ~ 1 0 ~  
3.4 

10.7 
4 . 1  

17.4 

8.02 

53. 0>10' 
54.4 
55. 1 

54.2x10' 
1. 1 

62. 5x10: 
63. 8 
63. 9 

6 3 . 4 ~ 1 0 ~  
. 8  

9 . 2  
7. 3 

11.2 

. 5 3  

Yield- tc 
ultimate- 
strength 

ra t io  

0.768 
,773 
. I 6 7  

0.769 
,003 

0.800 
. 827 
.E57 

0.828 
.029 
,059  

- .  014 
. 132 

93.44 

0.817 
.E37 
,839 

0.831 
,012 

0.897 
,926 
,917 

0.913 
, 0 1 5  
,082 
.055 
. 109 

1. 56 

Total 
elon- 
ation, 
iercenl 

(e) 

52. 0 
51. 0 
47.0 

50.0 
2 .6  

43.0 
39.0 
41.0 

41.0 
2 . 0  

-9.0 
-13.6 
-4 .4  

. 5 9  

30. 0 
26.0 
35.0 

30. 3 
4 .5  

25. 0 
30.0 
29.0 

28. 0 
2.6 

-2.3 
-10.6 

6 . 0  

. 3 3  

leduc tio 
of area:  
percent 

66.0 
68.0 
67.0 

67.0 
1. 0 

63 .0  
66 .0  
63. 0 

64. 0 
1 .  I 

-3.0 
-6.  2 

. 2  

2.89 

64.0 
62.  0 
61. 0 

62.  3 
1. 5 

64. 0 
64.0 
63. 0 

63. 7 
. 6  

1. 4 
-1. 5 
4 . 3  

. 16 

aSpecimen exposed in gaseous helium through test  
bunirradiated specimen cooled to 17 K and held for 1 h r  pr ior  to warming and testing. 

CSpecimen warmed to and held fo r  1 h r  a t  test  temperature. then fractured a t  test  temperature. 
dArithmetic mean, %; estimated standard deviation, s; lower and upper l imits of 95-percent confidrnce interval of the difference, XL, Xu. 
eTotal elongation in 0. 5-in. (1. 27-cm) gage length. 
fValues fo r  tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant f igures maintained in comparative 

Irradiated specimen cooled to and held a t  17 K througll- 
out irradiation exposure. Fast  fluence i s  for  neutron energies greater  than 0.  5 MeV (80 fJ). 

calculations between the two systems of units 
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Fast  
h e n c e ,  

eutrons/cm2 

Annealing 
trmper- 
ature,  

TABLE VIE. - EFFECT O F  ANNEALING FOLLOWING REACTOR IRRADIATION AT 17 K ON 

TENSILE PROPERTIES O F  COMMERCIALLY PURE TITANIUMa 

wcimen 

Aa34 
Aa 16 
Aa 19 

Aa41 
Aa4 
Aa 14 

tatistical 
nalysis 

( 4  

Teiisile tniidulus of 
elasticity 

Yield strength 
(0. 2-percent offset) 

Ullimate strrngth- 
~ 

mal -  
elon- 

ation, 
ercent 

(e) 

ield- to 
Itimate- 
,trength 
ratio 

0. I11 
,718  
,738 

0.722 
,014  

0. I 7 0  
. I99 
,779 

0.183 
,015  
, 0 6 1  
,032 
.090 

1. 15 

0.144 
. I28  
,720 

0.131 
,012 

0.755 
,752 
,764 

0.757 

.006  

.026 
, 0 0 4  
.048 

. 2 5  

~ 

~ 

:edurtioi 
3f area,  
percent 

N/cm2 

9 0 . 3 ~ 1 0 ~  
93.0 
93. I 

92. 3x103 
1. 8 

0 4 . 0 ~ 1 0 ~  
04. 7 
04. I 

04. 5x103 
. 4  

12. 2 
7 .  6 

16. 8 

. 0 5  

90. 3x10' 
92. 3 
92. 3 

91. 6x10' 
1. 2 

99.9X10' 
00. 6 
02. 7 

01. 1x10: 
1. 5 
9. 5 
6. 9 

12.1 

1. 56 

q/cm2 

3.1x106 
2.4 
3. 1 

2.9x106 

3.1x106 

. 4  

- - - - - - - 
3. 8 

3. 4X106 
. 5  
. 5  

- _  6 
1. I 

1. 56 

2 . 4 ~ 1 0 ~  
3. 1 
2 . 4  

2. 6X106 

. 4  

3.1x106 
3 .8  
5. 2 

4.0x106 
1. 0 
1. 4 
-. 6 
3 .4  

6. 25 

lb/in. 

19.ox106 
18.0 
19.0 

18.1X106 

19.ox106 

. 6  

- - -. . . - - 
20.0 

19. 5X106 
. I  
. 8  

-. 9 
2 . 5  

1. 36 

18.OX106 
19 .0  
18.0 

18. 3X106 
. 6  

19.0x106 
20.0 
2 2 . 0  

20. 3X106 
1. 5 
2.0 
-. 9 
4.9 

6. 25 

lb/in. 

1 3 1 . 0 ~ 1 0 ~  
135.0 
136.0 

1 3 4 . 0 ~ 1 0 3  

1 5 1 . 0 ~ 1 0 ~  

2.6 

152.0 
152.0 

1 5 1 . 7 ~ 1 0 ~  
. 6  

17. 7 
11. 1 
24. 3 

. 0 5  

1 3 1 . 0 ~ 1 0 ~  
134.0 
134. 0 

1 3 3 . 0 ~ 1 0 ~  

1 4 5 . 0 ~ 1 0 ~  

1. I 

146.0 
149.0 

1 4 6 . 1 ~ 1 0 ~  
2. 1 

13. 7 
9 . 9  

11.5 

1. 52 

Ib/in. 

184.0XlO 
188.0 
184.0 

185. 3x10 
2.3 

196.0XlO 
190.0 
195.0 

193. 7x10 
3. 2 
8 .4  
2. 6 

14. 2 

1. 94 

176.0xlO 
184.0 
186. 0 

182. oxla 

192. oxla 

5. 3 

194.0 
195.0 

193.7rlC 
1. 5 

11.7 
1. 6 

21. 8 

. 0 8  

N/cm2 

2 6 . 8 ~ 1 0 ~  
29.5 
26. 8 

2 1 .  7x103 
1.6 

35 .0~103 
30.9 
34.4 

33. 4x103 
2 .2  
5. I 
1 . 8  
9 .8  

1. 89 

21. 3 x 1 0 ~  
26.8 
28.2 

25. 4x103 
3. I 

32. 3x103 
33. 7 
34.4 

33. 5x10' 
1. 1 
8. 1 
1. 1 

15. 1 

.09  

30. 0 
35. 0 
28.0 

31. 0 
3.6 

~ 

46.0 
44.0 
48.0 

46.0 
2 .0  

47.0 
47.0 
44.0 

78 
I 8  
I 8  

178 
178 
178 

118 
178 
178 

30.0 
24. 0 
26.0 

26 .7  
3. 1 

-4. 3 
-11.0 

2.4 

. 7 4  

46.0 
1. I 
0 

-3.7 
3.7 

. I 2  

52.0 
54.0 
50. 0 

52.0 
2 . 0  

32.0 
31. 0 
36.0 

33.0 
2 .  6 

~ 

Aa25 0 
Aa53 
Aa24 

An28 
Aa50 
A.14 1 

6 ~ 1 0 ~ ~  
6 
6 

29.0 
30.0 
21.0 

48 .0  
47.0 
46.0 

28. 7 
1. 5 

-4.3 
- 9 . 1  

. 5  

. 3 3  

41.0 
1.0 

-5 .0  
-8. 6 
-1.4 

. 2 5  

Specimen exposed in gaseous helium thriiughout test .  

Fast  fluence is for  E ). 0. 5 MeV (80 fJ). 
bunirradiated specimen cooled to  17 K and held f o r  1 hr pr ior  to annealing. 

'Specimen warmed from 17 K to  annealing temperature. held 1 h r  a t  annealirq temperature, cooled to 17 K, held 1 h r  a t  11 K. 
dArithmetic mean, X ;  estimated standard deviation, s; lower and upper l imits of 95-percent coniidrnce interval of the difference,  XL, Xu. 
eTotal elongation in  0. 5-in. (1.21-em) gage length. 
fValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant f igures maintained in comparative 

Irradiated specimen cooled to  and held a t  17 K throughout i r radia-  
tion exposure. 

calculations between the two systems of units. 
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TABLE E. - E F F E C T  O F  REACTOR IRRADIATION AT 17 K on 17 K TENSILE PROPERTIES 

3Aa58 
3Aa52 
3Aa57 

ON NORMAL IMPURITY TITANIUM - 5 ALUMINUM - 2 . 5  TIN ALLOY 

1x10 l7 
1 
1 

Reductic 
of a r e a ,  
percent  

21.0 
30 .0  
35.0 
34 .0  
_ _ _ _  
30.0 
6 . 4  
0 

- 10.2 
10.2 

_ _ _ _  
_ _ _ _  
36.0 

36 .0  
_ _ _ _  
6.0 

_ _ _ _  
_ _ _ -  

_ _ _ _  
34 .0  
34.0 
27.0 
33.0 
21.0 

29. 8 
5. 3 
-. 2 

-9.7 
9 . 3  

.68 

Tens i l e  modulus o 
e las t ic i ty  

Yield s t r eng th  
(0.2-percent  offset) 

Ult imate  s t r eng th  Yield- ti 
u l t imate  
s t rength 

r a t i o  

0 .865 
.943  
_ _ _ _  
. 895  
, 9 5 1  

0.914 
. 0 4 1  

0 
-. 065 

.065  

0 . 8 2 1  
, 9 5 5  
, 9 7 0  

0.915 
.082  
. O O l  

-. 164 
. 166 

4.00 

0. 969 
, 9 7 1  
, 9 9 0  
, 9 7 0  
. 967 

0 .973  
, 0 0 9  
.059  

-. 008 
. 126 

. 0 5  

To ta l  
elon- 

Fation, 
)ercen 

(C) 

18.0 
12.0 
12.0 
13.0 
-_-_ 

13. 8 
2. 9 
0 

-4. 6 
4. 6 

__-  
9 . 0  

14.0 

11. 5 
3. 5 

- 2 . 3  
-11 .4  

6. 8 

1. 46 

8.0 
8.0 
7.0 
8.0 
6 .0  

7 . 4  
. 9  

-6 .4  
10 .6  
-2 .2  

. 10 

Fast f luence 
ieutrons/cm 

(a) 

; tat ist ical  
ana lys i s  

(b) B/ in .  ' 

231.0XlO 
213.0 
225.0 
229.0 
226.0 

224.8X10 
7 .0  
0 

-8.7 
8. 7 

257.0XlO 
222.0 
238.0 

!39.OXlO 
17. 5 
14. 2 

.19 .5  
47. 9 

6. 25 

111. 8x10' 
126. 8 
150. 8 
,70. 8 
89. 2 

49.9x10: 
31. 5 
25. 1 
1 2 . 0  
62. 2 

20.25 

r E > O .  

N/cm2 

159.2X10 
146.8 
155.0 
157.8 
155.7 

L54.9XlO' 
4 .8  
0 

-6.0 
6.0 

.77.0XlO' 
53 .0  
64 .0  

64.7X10: 
12.0 
9 . 8  

13.4 
33 .0  

6. 24 

45.9x10f 
56.3 
72. 8 
86 .6  
99. 3 

7 2 . 2 ~ 1 0 ~  
21.7 
17. 3 
- 8 . 3  
42.9 

20.42 

MeV (80 

N/cm2 

37.8XlOt 
38. 5 
_ _ _ _  
41. 2 
48. 1 

41.4X10' 
4. 7 
0 

- 7 . 5  
7. 5 

45.4X10' 
46. 1 
59. 2 

5 0 . 2 ~ 1 0 ~  
7 . 8  
8. 8 

- 5 . 4  
22.9 

2. 76 

41. 5x103 
52.0 
71. 0 
31. 1 
32. 9 

5 7 . 7 ~ 1 0 ~  
21.0 
36. 3 
1. 4 

51. 2 

19. 96 

uence is 

lb/in. ' 

100. OXlC 

201.0 

lb/in. 

18. 0x10' 
17. 5 
18 .2  
18 .4  
18. 2 

N/cm2 

1 2 . 4 ~ 1 0 '  
12. 1 
12 .5  
12.7 
12. 5 

1 2 . 5 ~ 1 0 '  
. 2  

0 
-. 3 

. 3  

10.2XlOf 
12. 5 
14. 1 

12. 3x10' 
2 .0  
-. 2 

- 5 . 2  
4 .8  

100.00 

13.8k106 
!3. 8 
.l. 0 
.5.2 
.7 .2  

.4.2x106 
2 .3  
1 .7  
1. 1 
4 .5  

132.25 

3Aa54 
3Aa30 
3Aa2 1 
3Aa29 

305. 0 
215.0 

!05. 3x10 
6 . 9  
0 

-11 .0  
11.0 

!11.0XlO 
112.0 
131. 0 

18.OXlO 
1 1 . 3  
12 .7  
- 7 . 8  
33.2 

2. 68 

05.3X10 
20.6 
48.2 
62. 8 
79. 9 

43.4X10' 
30.4 
38. 1 

2.0 
74. 2 

19.39 

18. lXlOE 

. 3  
0 
-. 4 

. 4  

14. 8x106 
18. 1 
!O. 5 

L7.8X106 
2. 9 
-. 3 
.7. 5 
6. 9 

93.44 

!O.OX106 
10. 0 
6. 0 
2 . 0  
5.0 

0. 6X106 
3. 3 
2. 5 
1. 6 
6.6 

121.00 

-oughout tes t .  Fas 
bAri thmetic  mean,  f; es t ima ted  s t anda rd  deviation, s; lower and upper  l imi t s  of 95-percent  confidence in te rva l  of the difference,  

'Total elongation in 0. 5-in. (1. 27-cm) gage length. 
dValues f o r  tens i le  modulus of elasticity,  yield s t rength ,  and ul t imate  s t rength  differ  because  of significant f igures  maintained in 

XL' xu. 

comparat ive calculat ions between the  two s y s t e m s  of units. 
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TABLE X. - E F F E C T  OF REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES O F  EXTRA LOW 

IMPURITY TITANIUM - 5 ALUMINUM - 2.5 TIN ALLOY 

;pecimer 

8Aa18 
8Aa32 
8Aa35 
8Aa34 
8Aa27 

8Aa25 
8Aa24 
8Aa 12 

8Aa60 
8Aa49 
8Aa55 

'as t  f luence,  
eu t rons / cm2  

(a) 

0 
0 
0 
0 
0 

1 x 1 0 ~ ~  
1 
1 

1 0 x 1 0 ~ ~  
10 
10 

' ens i le  modulus of 
e las t ic i ty  

lb/in. 

- - - - - - - 
2. 5X106 
- - - - - - - 
0.8 
2 . 4  

1 .9x106 
. 9  

0 
2 . 2  
2. 2 

8. 7X106 
8 . 5  
8. 7 

8. 6X106 
.1  

3 . 3  
5. 5 
1. 1 

. O l  

2.0X106 
2 .0  
3 . 0  

2. 3X106 
. 6  
. 4  

1 . 2  
2 .0 

. 4 4  

N/cm2 

. - - - - - - - 
15. 5x10' 
. - - - - - - - 
14. 3 
15. 4 

L 5 . l X l O ~  
. 7  

0 
.1. 7 
1. 7 

12.9x10' 
12.7 
12. 9 

12.8X10' 
. 1  

-2. 3 
-3. 8 
-. 8 

.02 

15. 2x10' 
15. 2 
15. 8 

15.4X10' 
. 4  
. 3  

-. 8 
1 . 4  

. 3 3  

Yield s t rength  
10. 2-percent  offset) 

lb/in. 

! 0 3 . 0 ~ 1 0 3  
!13. 0 
113.0 
!17.0 
!25. 0 

!14.2X10f 
8 .0 
0 

-9 .9  
9. 9 

! 1 1 . 0 ~ 1 0 3  
!13 .0  
!15 .0  

1 1 3 . 0 ~ 1 0 ~  
2.0 

-1. 2 
-10. 7 

8.3 

.06 

!50.0X10' 
!62. 1 
!63. 1 

!58.4X102 
I .  3 

44. 2 
31. 2 
57.2 

. 8 3  

N/cm2 

39. ~ 1 x 1 0 ~  
46.8 
46. 8 
49.5 
55.0 

47. 6X103 
5.5 
0 

-6. 8 
6 .8  

45. 4x103 
4 6 . 8  
48. 1 

4 6 . 8 ~ 1 0 3  
1.4 
-. 8 

-7 .4  
5.7 

.06 

12.  3x103 
80.6 
81. 3 

7 8 . 1 ~ 1 0 ~  
5.0 

30. 5 
21. 5 
39. 5 

. 8 3  

Ultimate  s t rength  

lb/in. ' 

131.0XlO 
!23.0 
!25.0 
!27.0 
i36 .0  

!28. 4X1C 
5 .2  
0 

- 6 . 4  
6. 4 

!22. O X l C  

!25.0 
i 2 3 . 0  

! 23 .  3X1C 
1 .5  

-5. 1 
-11 .2  

1.0 

. 08  

!52.6XlC 
!68 .  0 
t70.9 

!63. 8XlC 
9 . 8  

35.4 
15.7 
55. 1 

3.55 

N/cm2 

5 9 . 2 ~ 1 0 ~  
53. 6 
55.0 
56. 4 
62. 6 

57. 4x103 
3. 6 
0 

-4. 4 
4. 4 

5 3 . 0 ~ 1 0 ~  
55.0 
53. 6 

5 3 . 9 ~ 1 0 ~  
1. 0 

-3. 5 
-7. 7 

. 7  

. 0 9  

7 4 . 0 ~ 1 0 ~  
84.7 
86. 7 

8 1 . 8 ~ 1 0 ~  
6. 8 

24. 4 
10. 8 
38.0 

3. 57 

f ie ld-  t o  
1 I1 im a te  - 
s t rength  

r a t io  

0.879 
.955 
. 9 4 7  
.956 
. 9 5 4  

0 .938 
.033 

0 

- . 0 4 1  
. 0 4 1  

0 . 9 5 0  
.947 
, 9 6 4  

0 .953 
, 0 0 9  
. 0 1 5  

-. 026 

, 0 5 6  

.07 

0 . 9 9 0  
, 9 7 8  
, 9 7 1  

0 . 9 8 0  
. 010 
, 0 4 2  
, 0 0 3  
.081 

. 0 9  

~ 

rota1 
?lon- 
ation, 
e rcent  

(C) 
~ 

_-- 
8.0 

11.0 
10.0 
__--  

9.7  
1. 5 
0 

-3 .7  
3.7 

11.0 
~ 

__ - -  
_ _ _ _  
1 1 . 0  
_ _ _ _  

1 .3  
_ _ _  
_ _ _  
_ _ _  
6.0 
6.0 
6.0 

6.0 
0 

-3 .7  
- 7 . 4  
0 

0 

[eduction 
of a r e a ,  
percent  

_-- -  
33.0 
32. 0 
32.0 
___ -  

32. 3 
. 6  

0 
-1. 5 
1. 5 

31. 0 
_ _ _ _  
_ _ _ -  

27.0 
22 .0  
2 5 . 0  

24. 7 
2. 5 

-7 .6  
- 1 4 . 0  

- 1 . 2  

17.36 

aSpecimen exposed in gaseous  hel ium a t  17 K throughout tes t .  
bAr i thme t i c  mean,  %; es t imated  s t a n d a r d  deviation, s; lower and upper  l imi t s  of 95 percent  confidence i n t e r v a l  of the  d i f fe rence ,  

'Total e longat ion in 0. 5-in. (1. 27-cm) gage  length. 
dValues f o r  tens i le  modulus of e las t ic i ty ,  yield s t rength ,  and u l t imate  s t rength  differ because  of significant f i g u r e s  maintained 

F a s t  f luence i s  for  E  > 0. 5 MeV (80 fJ). 

XL' xu. 

in  compara t ive  ca lcu la t ions  between the  two s y s t e m s  of units.  
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TABLE XI. - E F F E C T  O F  REACTOR IRRADIATION AT 17 K ON 17 K TENSILE PROPERTIES OF ANNEALED 

TITANIUM - 6 ALUMINUM - 4 VANADIUM ALLOY 

12. 1X106 
11 .2  
12.2 
12. 3 
11.6 

_____ 

field- I 

iltimatt 
strengt 

r a t i o  

0. 915 
. 871 
,943  
. 969 
.969  

,933  
. 0 4 1  

0 
-. 051 

, 0 5 1  

_ _ _ _ _  
0 . 9 5 5  
_ _ _ _ _  

0.955 
_ _ _ _ _  

. 0 2 2  
_ _ _ - _  
_ _ - _ _  

_ _ _ _ _  
_____ 

0. 956 
. 907 
, 9 4 5  

3.936 
, 0 2 6  
, 0 0 3  

-. 052 
, 0 5 8  

. 4 0  

228 .0XlO 
230.0 
250.0 
253.0 
255.0 

Tota l  
elon- 
gation 
percer 

(C) 

10.0 
7.0 

1 
7.6 
1 . 3  
0 

-1. 5 
1.  5 

6. 0 
5 . 0  
6. 0 

5 .7  
. 6  

- 1 . 9  
-3. 5 
-. 3 

. 2 1  

4. 0 
6 . 0  
4 . 0  

4. 7 
1. 2 

- 2 . 9  
-5. 1 
-. 7 

. 8 5  

13. 8X106 
- - - - -. - - 
17. 2 

15. 5k106 
2. 4 
3.6 

-17.8 
25 .0  

23.03 

3eductio 
of a r e a ,  
percent  

30 .0  
30 .0  
36.0 
27.0 
29.0 

30. 4 
3.4 
0 

-4.2 
4 . 2  

37 .0  
37 .0  
38. 0 

37 .3  
. 6  

6 .9  
2 . 9  

10.9 

. 0 3  

34 .0  
34 .0  
34 .0  

34 .0  
0 
3. 6 
-. 6 
7. 8 

0 

289.4X10' 
294.7 
314. 5 

299. 5x103 
13. 2 
56. 3 
32. 8 
79. 8 

1.02 

specimen Fast flueiice 
neulrons/cni 

N/cm2 
N/cm2 

171. 6X1C 
181. 9 
182. 6 
179. 8 
181.2 

179.4X10 
4. 5 
0 

- 5 .  6 
5. 6 

182.6X10 
183.3 
199. 8 

188. 6x10 
9. 7 
9 . 2  

-9. 9 
28. 2 

4. 64 

N/cm2 Ib/in. i Ib/in. 

17.6X10' 
16. 3 
17 .7  
1 7 . 9  
16. 8 

2 4 9 . 0 ~ 1 0 '  
264.0 
265.0 
261.0 
263.0 

157. l X l C  

158. 5 
172.3 
174.3 
175.7 

167.6X10 
9 . 0  
0 

-11.2 
11 .2  

- - - - - - - - 

175.0XlO 
- - - - - - 

175.OXlO 
. - - - - -. 

7 . 4  
- - - - - - - - 
- - - - - - - - 

. - - - - - - - 

199. 4x10' 
!03.0 
l16.7 

!06.4X10: 
9. 1 

38. 8 
22. 6 
55 .0  

1.02 

2Ac71 
2Ac 10 0 
2Ac 12 0 

17. 3X106 
.I 

0 
-. 9 

. 9  

2 6 0 . 4 ~ 1 0 ~  
6. 5 
0 

-8. 1 
8. 1 

2 6 5 . 0 ~ 1 0 ~  
266.0 
290 .1  

273. 7x103 
14. 2 
13. 3 

-14 .4  
41. 0 

4.76 

2Ac59 I 1x1017 
2Ac6 1 
2Ac72 

20.ox106 
- - - - - - - - 
25. 0 

22. 5X106 
3. 5 
5 .2  

.26.6 
37 .0  

25.00 

302. 7 x 1 0 ~  
325.0 
332. 9 

a o . 2 ~ 1 0 ~  
15. 7 
59. 8 
29. 5 
90. 1 

5. 83 

108. 6x10' 
!23. 9 
!29. 4 

120. 6x10' 
10. 8 
41. 2 
20. 3 
62. 1 

5. 75 

!Ac54 
lAc56 
!Ac55 

E > 0. 5 MeV (80 fJ). Specimen exposed in gaseous  helium a t  17 K throughout test .  Fast fluence i s  for  
4rithnietic mean,  X, es t imated  s tandard  deviarion, s; lower and upper  l imi t s  of 95-percent  confidence in te rva l  of the difference,  

XL' xu. 
'Total elongation in 0. 5-in. (1.27-cm) gage length. 
dValues for  tens i le  modulus of elasticity,  yield strength,  and ult imate strength differ because  of significant f igures  maintained in com- 

eValuf exceeds lower limit of possible change. 
parative calculations between the two sys tem of units. 
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TABLE XII. - E F F E C T  O F  REACTOR IRRADIATION A T  17 K ON 17 K TENSILE PROPERTIES O F  AGED 

TITANIUM - 6 ALUMINUM - 4 VANADIUM ALLOY 

Ultimate s t rength Specimen 

2Aa30 
2Aa 11 
2Aa29 
2Aa 10 
2Aa13 

2Aa43 
2Aa44 
2Aa77 

2Aa78 
2Aa87 
2Aa89 
2Aa82 
2Aa81 

7ast fluence, 
eutrons/cm' 

(a) 

0 
0 
0 
0 
0 

1 x 1 0 ~ ~  
1 
1 

1 0 x 1 0 ~ ~  
10 
10 
10 
10 

Tensi le  modulus of 
e las t ic i ty  

Yield s t rength 
(0.2-percent  offset) 

l e l d -  lo  
Itimate- 
itrength 

r a t io  

?Pductio 
of a r e a ,  
percent  

Total 
elon- 
:ation, 
)ercent 

(C) 
~ 

6 . 0  
7 .0  
7.0 
7.0 
5.0 

lb/in. 

!86. OX103 
! 7 7 . 0  
!81.0 
!84.0 
!83.0 

!82.2x103 
3. 4 
0 

-4. 2 
4. 2 

!96.ox1o3 
103. 0 
i08.0 

:O2.3x1O3 
6. 0 

20. 1 
9. 6 

30. 6 

3. 11 

9 6 . 1 ~ 1 0 ~  
24. 8 
25. 2 
28. 3 
73. 2 

29. 5 x 1 0 ~  
27. 7 
47. 3 
12. 7 
81. 9 

66. 37 

N/cm2 

197. I X l (  

190.9 
193.6 
195.7 
195.0 

194. 5X1( 
2 . 4  
0 

-2. 9 
2. 9 

203. 9XlC 
208.8 
212.2 

208. 3X1C 
4. 1 

13. 8 
6. 6 

21. 1 

~~ 

2. 92 

104. OxlC 
123. 8 
224. 1 
226. 2 
257. 1 

127. oxla 
19. 1 
32. 5 

8. 7 
56. 3 

63.34 

~ 

lb/in. 

20. 4X106 
19.7 
17. 1 
17.4 
18. 1 

18. 5X106 
1. 5 
0 

- 1. 9 
1. 9 

- - -. . -. - 
14. 6X106 
. - - - - - - - 

14. 6X106 
. - - - - - - - 
-3. 9 
- - - - - - - - 
- - - - - - - - 
- - - - - - - 

1o.ox106 
15. 0 
19.0 
10.0 
l 2 . 0  

19.2x106 
2. 6 

. 7  
-2 .4  
3 .8  

3 .00  

N/cm2 

14. 1X106 
13.6 
11. 8 
12 .0  
12.5 

12.8X106 
1.0 
0 

- 1 . 3  
1 . 3  

- - - - - - - - 
10.1x106 

10.1x106 

- - - -. - 

- - -. - 

-2 .7  

lb/in. 

273. OX103 
274.0 
274.0 
275.0 
279.0 

2 7 5 . 0 ~ 1 0 ~  
2 . 4  
0 

-3 .0  
3.0 

2 8 1 . 0 ~ 1 0 ~  
294.0 
305.0 

293. 3x103 
12.0 
18.3 

-11.9 
48. 5 

25.00  

289. 5x1O3 
-. -. . - . - - 
319.0 
322. 1 
365. 5 

3 2 4 . 0 ~ 1 0 ~  
31. 3 
49.0 
-. 9 

98. 9 

170.09 

N/cm2 

188. 1x10' 
188.8 
188.8 
189.5 
192.2 

189.5X10: 
1.6 
0 

-2 .0  
2.0 

193. 6x10: 
202.6 
210. 1 

202.1x10: 
8. 3 

12.6 
-8.2 
33.4 

26 .85  

199. 5x10: 
- - - - - - - -. 
119.8 
121.9 
151.8 

123. 3x10' 
21.5 
33. 8 
-. 6 

68. 2 

180. 57 

0.954 
.989  
.975  
. 969 
,986  

22.0 
28.0 
24.0 
31.0 
22.0 

0. 975 
, 0 1 4  

0 
-. 017 

,017  

0.949 
. 970 
, 9 9 0  

0. 970 
, 0 2 1  

- _  005 
-. 044 

.034 

2. 25 

0.978 
_ _ _ _ _  

.980 
, 9 8 1  
,979  

0.979 
,002  
,004  

-. 013 
, 0 2 1  

.02  
~~ 

6. 4 
. 9  

0 
-1.1 
1. 1 

5 .0  

~ 

_ _ _  
5 .0  

5.0 
0 

-1 .4  
-2. 5 
-. 3 

0 

5 .0  
4.0 
5 . 0  
5 .0  
3 . 0  

4 . 4  
. 9  

-2 .0  
-3.3 
-. 7 

1.00 

~ 

~ 

25.4 
4 . 0  
0 

-5 .0  
5.0 

24.0 

21.0 

2 2 . 5  
2. 1 

-2 .9  
-8 .4  

2. 6 

. 2 8  

- - - - - - - 

- - - - - - - - 

13. 8X106 
10 .3  
13. 1 
13.8 
15.2 

13. 2X106 
1 . 8  
. 4  

- 1. 7 
2. 6 

3. 24 

21.0 
13.0 
16.0 
14.0 
13.0 

15. 4 
3. 4 

- 10.0 
-15.3 

-4.7 

. 7 2  

aSpecimen exposed in gaseous helium a t  17 K throughout t e s t .  
'Arithmetic mean,  z; est imated s tandard deviation, s; lower and upper l imi t s  of 95-percent confidence interval  of the difference, 

'Total elongation in  0. 5-in. (1. 27-cm) gage length. 

F a s t  fluence is E > 0. 5 MeV (80 fJ). 

XL' xu. 

"Values f o r  tensi le  modulus of e las t ic i ty ,  yield s t rength,  and ul t imate  s t rength differ because of significant f i gu res  maintained in  
comparat ive calculations between the two sys t em of units. 
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t 

Fast fluence, Statistical Tensile modulus of Yield strength 
neutrons/cm2 analysis elasticity (0. 2-percent offset) 

~ 

lb/in. N/cm2 1 b / h 2  N/cm2 
(a) (b) 

! ~ 

! 4Aa3 
' 4Aal 
1 4Aa4 

Ultimate strength Yield- to Total  Reduction 
ultimate- elon- of area,  

1b/in'2 N/cm2 strength gation, percent 
ra t io  percent 

( 4  

I - - - - - - - - 19. 2X1061 13. 2X106'217. 0X103 236. 0X1031162. 6X103 I 0.920 12 .1  ---- 

I 12.6 ,220.0 242.0 166.7 ' .909 I 5 .8  ~ - --- 
- - - - - - - - 16.4 11. 3 224.0 154.3 236.0 162.6 .950 7 .  8 ---- 

0 
18. 3 - - - - - - - - 

I 

- - - - - - - - ; 18.5 12.7 '224.0' 154. 3 238.0 164.0 .940 7 .8  __- -  
I - - - - - - - - I 18.9 13.0 8236.0 162. 6 243.0 167.4 . 970 15.2 ---- 

I 14Aa5 , 
~ 4Aa2 

9. 5 ---- 
1. 1 . 7  7.2  5. 0 3. 3 2. 3 .024 3. 8 ---- 
0 0 0 0 ' 0  0 0 0 ---- 

- 1.4 -1. 0 -8. 9 -6. 1 -4.2 -2.9 -.030 -4.7 ---- 

: I -  XA 1 18. 3X1O6 12. 6X1061224. 2X103 1 5 4 . 5 ~ 1 0 ~  239. Ox103 1 6 4 . 7 ~ 1 0 ~  O. 938 

- ' 

'A - 'A 

---- XL 
X, T 1. 4 1. 0 8. 9 6. 1 4. 2 2.9 .030 4.7 

4Aa34 
4Aa43 

' 4Aa38 

1 x 1 0 ~ ~  - - - - - - - - 19. 6X106 13. 5x1O6 238. OX103 164. OX103 264. OX103 1 8 1 . 9 ~ 1 0 ~  0.901 . 6.0 31.0 
25. 4 17. 5 243.0 167.4 262.0 180. 5 .927 5.0 26.0 1 

247.0 170.2 259.0 178. 5 .954 6 . 0  30.0 1 
- - - - - - - - 
- - - - - - - - - - - - - - - -  _------- 

- 
xB 22. 5X106 15. 5X106 242. ?x103 167. 2X103 2 6 1 . 7 ~ 1 0 ~  1 8 0 . 3 ~ 1 0 ~  0.927 5. 7 29.0 

4. 1 2. 8 4.5 3. 1 2. 5 1.7 .027 . 6  2.6 - 
XB - XA 4.2 2.9 18. 5 12.7 22.7 15.6 - .011 -3.8 __-_  

e-33. 2 e-22. 9 9 . 0  6. 2 17. 9 12.3 -.057 -8.6 ---- XL 
'IJ 41. 6 28. 7 28.0 19. 3 27. 5 18.9 .035 1. 0 ---- 

d 2  -2 
S ~ / ~ ~  

13.90 16.00 39 . 3 8  .57  .55  1.26 .02 ---- 

aSpecimen exposed in gaseous helium a t  17 K throughout test. 
bArithmetic mean, w; estimated standard deviation, s; lower and upper limits of 95-percent confidence interval of the difference, 

'Total elongation on 0. 5-in. (1. 27-cm) gage length. 
dValues for tensile modulus of elasticity, yield strength, and ultimate strength differ because of significant f igures maintained in com- 

eValue exceeds lower limit of possible change. 

Fast  fluence is for E > 0. 5 MeV (80 fJ). 

XL' xu. 

parative calculations between the two system of units. 
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